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IBE KINGS 
The lion in deserts royally takes his prey; 
Gaunt crags cast back the hunting eagle's scream. 
The King of Parasites, delicate, white and blind, 
Ruling his world of fable even as they, 
Dreams out his greedy and imperious dream 
Immortal in the bellies of mankind. 
In a rich bath of pre-digested soup, 
Warm in the pulsing bowel, safely shut 
From the bright ambient horror of sun and air, 
His slender segments ripening loop by loop, 
Broods the voluptuous monarch of the gut, 
The Tapeworm, the prodigious Solitaire. 
Alone among the royal beasts of prey 
He takes no partner, no imperial mate 
Seeks his embrace and bears his clamorous brood; 
Within himself, in soft and passionate play, 
Two sexes in their vigour celebrate 
The raptures of helminthine solitude . . . . 
A.O. Hope, 1960 
(i) 
Abstract 
Some aspects of the regulation of energy metabolism in the 
anterior gram of Moniezia expa:nsa (Cestoda) were exarnined. The activities 
in vitro of selected enzymes of the glycolytic and succina4 e-forrning path-
ways, and their intracellular distribution, were investigated. It is 
concluded that hexokinase, phosphofructokinase and pyruvate kinase are 
probably rate-limiting. Malic enzyme activity is low and pyruvate carboxy-
lase could not be demonstrated. Further evidence for a possible regulatory 
role of hexokinase, phosphofructokinase and pyruvate kinase was gained 
from an examination of the mass-action ratios for these enzymes. 
Further investigation of regulation was performed using the 
technique of comparing intermediate levels in extracts from animals incub-
ated under different conditions. When glucose was added to the medium, 
phosphofructokinase was identified as the enzyme limiting the flux through 
the pathways. In a comparison of aerobic and anaerobic metabolism, a 
slight decrease in flux through the pathways aerobically \.-.as noted and it 
was sho¼n that there is a disproportionate decrease in lactate production 
under aerobic conditions. A regulatory step at pyruvate kinase was 
identified under these conditions and a large increase in the aerobic 
malate pool indicated a possible site of interaction also in the PEP-
succinate pathway. No difference was observed in the ATP/ADP ratios or in 
the adenyl ate energy charge between aerobiosis a.11d anaerobiosis under the 
conditions of the experiments. 
The regulatory and catalytic properties of phosphofructokinase 
were examined and found to be similar to those reported for the mammalian 
enzyme, includin 0 sigmoid kinetics with respect to fructose 6-phosphate , 
inhibition by ATP a .... lov-. concentrations and "deinhibition" by A21P and (J'\H4) 2S04 
The regulatory and catalytic properties of phosphoenolpyruvate 
carboxykinase were also examined. No allosteric regulator -was found for 
this enzyme and its activity in vivo is probably contro led by its substrates 
3..t1d also by ATP \~hich is inhibitory at high concentrations. 
A hypothesis for regulation of metabolism in .. . e~ar.,sa scolec 0 s 
und 0 r aerobic and anaerobic condi tions is proposed and se\Te ral experiments 
designed to test it are reported. 
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CHAPTER 1: GENERAL INTRODUCTION 
1.1 Species and Habitat 
Moniezia expansa is a large cestode inhabiting the jejunum of 
lambs. Its cysticercoid larva develops in the haemocoel of species of 
oribatid mites living in the soil (Stunkard, 1937). The infection in lambs 
is not considered to be pathogenic, though heavy infestations may retard 
their growth (Soulsby, 1965). 
The scolex of the adult has a diameter of 1-2 mm; the strobila 
may have a length of up to 4 m. Mature proglottids are about 1.5 cm wide, 
0.5-1 cm long and 2 mm deep. 
1.2 The Environment of the Small Intestine ih the Sheep 
I 
Although considerable work has been done in ruminants on the 
rumen as an environment for microorganisms - for sound economic reasons -
no comprehensive study has been made of conditions in the small intestine. 
Read (1950) reviewed the information available on the small intestine for 
all vertebrate groups, and comprehensive data is now available for the rat 
as a result of the work of Read and his associates (e.g. Read, 1970). More 
recent data on the sheep is not readily available and much of the information 
below has been extracted from observations in the literature on sheep meta-
. bolism and physiology. 
In order to assess the environment of an intestinal parasite, 
information in the following categories is required: (i) the exact location 
of the parasite, (ii) the composition of nutrients in the intestinal fluid, 
(iii) the levels of dissolved gases, particularly o2 and CO2, (iv) the pH 
of the fluid, (v) the redox potential of the fluid, and (vi) the osmotic 
pressure of the fluid. 
M. expansa, examined post mortem ovis, is fotmd folded upon 
itself in the jejunum with scolex loosely applied to the mucosa. It has 
not been observed fully extended in the intestine and often it appears to 
cause a significant obstruction in the lumen. Undulating movement is 
observed and in vi t ro the worm often ties itself in knots. It s eems l i kely 
that in vivo part of the body \vOuld normal ly lie close l y app lied to the 
mucosa (but not buried in it) and part would be located in the l umen. 
2 
Crompton (1973) has pointed out that the post mortem location of a parasite 
in the gut is not necessarily a reliable guide to the exact site occupied 
in vivo. Given the large size of M. expansa, however, the possibilities 
for variation beyond what is observed are quite limited. 
The intestinal fluid entering the jejunum is derived from three 
sources: (i) the contents of the rumen, containing the partially digested 
bodies of microorganisms killed in the abomasum, (ii) bile and pancreatic 
secretions, and (iii) leakage from the intestinal epithelia. 
Any glucose that is ingested by the sheep is rapidly fermented 
by the microorganisms in the rumen (Annison and Lewis, 1959), so free 
glucose does not enter the small intestine from the rumen. The main pro-
ducts of rumen fermentation are volatile fatty acids, specifically acetate, 
butyrate, propionate and some lactate (Wahle, Weekes and Sherratt, 1972), 
which enter the portal system directly from the rumen. Hence, volatile 
fatty acids are not found in high concentrations in the sheep small 
intestine (Annison, 1954). Propionate is converted in the liver to 
glucose by gluconeogenesis (Leng, Steel and Luick, 1967). Blood glucose 
levels in the sheep range from 50-75 mg% (Annison, Hill and Lewis, 1957; 
Annison and White, 1961), which is slightly lower that that of monogastric 
mammals (Moir, 1965). Hence, quantities of glucose are present in the 
blood supplying the small intestine and a low rate of leakage may occur. 
Starch from the sheep's diet and other carbohydrates from the 
bodies of the ruminal microorganisms are hydrolysed in the jejunum (Wright, 
Grainger and Marco, 1966; Hembry, Bell and Hall, 1967) to glucose which 
is almost completely absorbed in the first third of the small intestine 
(Wright, et al., 1966) . Since this is the location of M. expansa, it 1s 
likely that glucose will be available for the parasite; substantial 
quantities of glucose have indeed been found in M. expansa (Fairbairn, 
1958; this work, Ch. III), though values may be abnormally high as a 
result of the shock of slaughter of the host. 
Proteins derived from the bodies of microorganisms are digested 
1n the abomasum and small intestine (McDonald, Edwards and Greenhalgh, 1966); 
proteins from the pancreatic and bile secretions are also digested in the 
small intestine. Amino acids may also enter the small intestine by leakage 
from the mucosal epithelium. It has been noted (Nasset, 1957; Nasset and 
Ju, 1961) that the molar ratios of the amino acids in the intestine of 
vertebrates remain relati\ely constant regardless of variations in the 
host's diet. The parasite would therefore have access to large quantities 
of amino acids. Other dietary requirements, e.g. fatty acids, vitamins 
and salts, must also be available to the parasite. 
The distribution of gases in the gas phase of the small 
intestine of sheep, cattle and goats is as follows (from Read, 1950): 
Gas % Composition 
CO2 62-92 
02 0 
CH4 0.04-6.6 
H2 0-37 
N2 1 
3 
The high concentration of CO2 is significant since CO2 fixation plays a 
major role in helminth metabolism. A highly anaerobic environment is in-
dicated by the lack of gaseous oxygen. A small amount of dissolved 
oxygen is nonetheless present. Using microelectrodes, Rogers (1949) found 
levels of from 4 to 13 mmHg in the small intestine; this oxygen is pre-
sumably derived from the blood supply to the mucosa. Small amounts of 
oxygen may thus be available to a parasite living next to the mucosa. 
No information has been found on the pH of the fluid of the 
sheep small intestine. Smyth (1969) suggested that the pH in the small 
intestine may be slightly acidic, but lambs may be a special case. The 
redox potential of the intestinal fluid has not been investigated. The 
presence of Hz and CH4 in the gas phase may indicate reducing conditions. 
The osmotic pressure of intestinal contents of the sheep was 
measured by Schopfer (1932; quoted from Rogers, 1962, p.126) who found a 
freezing point depression of -0.825° compared with -0.6690 for M. expansa 
tissue extracts. The environment may therefore be hypertonic with respect 
to the parasite. 
1.3 Biochemical Mechanisms in Anaerobiosis 
Effective energy metabolism under aerobic or anaerobic con-
ditions has three important requirements: 
(a) a source of energy 
(b) effective release and capture of energy 
(c) the L.a intenance of redox balance. 
Heterotrophic organisns obtain energy from the diet in the form of carbo-
hydrates, fatty acids and amino acids. These may be stored in the body 
in polymerised forms. Energy is released from these molecules by pro-
gressive oxidation and is captured in the "high energy" phosphate bonds 
4 
of the nucleoside di- and tri-phosphates and in other high energy molecules. 
In the presence of oxygen, complete oxidation of these mole-
cules to CO2 and water takes place via the TCA cycle; the electrons are 
progressively transferred to oxygen by the electron transport system. 
Energy yield is high and redox balance is maintained if oxygen remains 
available as the electron acceptor. 
Anaerobically, redox balance must be maintained by transferring 
electrons to acceptors with much lower redox potentials than oxygen, or by 
ensuring no net change in redox state between the initial and final react-
ants. The TCA cycle cannot function without oxygen; the classical oxygen-
linked electron transport system cannot function and energy from oxidative 
phosphorylation is not available. But energy can still be gained from 
substrate-linked phosphorylation. 
Anaerobic metabolism is characterised by the release of in-
completely oxidised end products. Less energy is obtained from foods, 
and this results in a more rapid and less efficient use of stored or 
dietary energy sources. Fatty acids cannot be used at all, so the energy 
sources for anaerobic metabolism are carbohydrates and some amino acids. 
When an aerobic tissue becomes anaerobic, the major effect is 
an increase in the level of reduction of the tissue, since NADH is not 
.reoxidised. In neonatal rats kept in air or nitrogen for 25 mins, liver 
cytosolic NAD+/NADH ratios dropped from 614 in the controls to 139 in the 
anoxic rats; mitochondrial ratios decreased from 29.7 to 2.4. At the 
same time, the adenylate energy charge ([ATP+ l/2ADP]/[AMP +ADP+ ATP]) 
dropped from 0.82 to 0.598 (Ballard and Philipp1dis, 1971). 
In contrast, anaerobic or facultatively anaerobic animals can 
maintain both high NAD+/NADH ratios and high adenylate energy charges in 
the absence of oxygen. Ascaris lwrbricoides muscle maintained anaerobic-
ally has a cytosolic NAD+/NADH ratio above 1000 (Barrett and Beis, 1973a) 
and an adenylate energy charge of 0.86 (Barrett and Beis, 1973c). Organ-
isms such as these possess a number of metabolic pathways which ensure 
survival. 
Von Brand (1966) noted that helminths living in highly 
anaerobic environments generally have a much higher level of stored 
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glycogen and/or trehalose than those from more aerobic habitats. This is 
consistent with a higher rate of utilisation anaerobically. A variety of 
pathways for metabolising stored carbohydrates are fotmd. 
The primitive anaerobic pathway is glycolysis. Substrate-
linked phosphorylation at 3-phosphoglycerate kinase and pyruvate kinase 
yields 3 moles of ATP per mole of glucose 6-phosphate. NADH produced 
at glyceraldehyde 3-phosphate dehydrogenase is reoxidised at lactate 
dehydrogenase. Lactate, the end product, has the same level of oxidation 
as glucose. 
This pathway, or substantial parts of it, appears to be 
universal among living organisms. Parasitic helminths are no exception: 
they all use the glycolytic sequence up to the level of PEP, and many 
produce lactate. Some produce ethanol (e.g. MoniZiformis dubius, Crompton 
and Ward, 1967) or acetate (e.g. Fa.seioZa hepatica, HymenoZepis diminuta, 
von Brand, 1966) by decarboxylation of pyruvate. 
Excess reducing equivalents formed can be removed by a number 
of mechanisms. Two examples from microorganisms are: 
(1) the production of ethanol, CO2 and Hz; overall equation: 
l/2C6H1206 + 2H --> CH3CH20H +CO2+ H2 
Hydrogen is produced by some parasitic protozoa (von Brand, 1966) but it 
is not known from any helminths. 
(2) the production of succinate; overall equation: 
l/2C6Hl206 +CO2+ 2H --> COOHCHzCH2COOH 
Succinate production is very common among invertebrates. All helminths 
examined, except the "homolactate fermenters", produce, to a greater or 
lesser extent, either succinate or one of its derivatives. Many molluscs 
also produce succinate as an anaerobic end product, e.g. Cra.ssostrea 
virginica (Hammen, 1966), Rangia cuneata (Stokes and Awapara, 1968), 
Modiolus demissus and 1,.,':ftilv.s edulis (Malanga and Aiello, 1972). 
An accumulation of work (reviewed by Saz, 1969, and Ward, 
Castro and Fairbairn, 1969) has elucidated the pathway by which succinate 
is produced. The glyco lytic sequence branches at PEP, where CO2 ·is fixed 
by PEPCK to form OAA "hich is reduced to malate by MDH. The latter enzyme 
is very active in helrninths. Malate is dehydrated to furnarate which is 
reduced to succinate b.: an NADH-linked particulate succinate dehydrogenase. 
This enzyme is more aptly termed a "furnarate reductase" in succinate pro-
ducers since it has hi cher affinity for fumarate and is less sensitive to 
succinate accumulation. 
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Fumarate reduction by NAIH is achieved by an electron trans-
port system in helminths and protozoa (see Bryant, 1970). AA o-type 
cytochrome similar to that found in anaerobic bacteria (Castor and Chance, 
1959), is involved in fumarate reduction in M. expansa (Cheah, 1967c) and 
this may be the case in other helminths also. 
Although only a few species of helminths have been examined, 
it appears likely that fumarate reduction is linked with a phosphorylation 
step. Anaerobic incorporation of 32P has been demonstrated in mitochondria 
from A. lwrbricoides (Seidman and Entner, 1961; Saz and Lescure, 1969; 
Saz, 1971b; Van den Bossche, 1972), H. diminuta (Scheibel, Saz and 
Bueding, 1968; Saz, Berta and Kowalski, 1972), and F. hepatica (de 
Zoeten and Tipker, 1969). One phosphorylation step is probably involved. 
De Zoeten and Tipker achieved a ratio of NADH consumed/ATP generated of 
1.0 in F. hepatica, and Saz (1971b) found 0.5 ATP/mole of malate supplied 
in A. lwnbricoides. This latter finding is consistent with what would be 
expected in Ascaris, where malate is dismuted in the mitochondria to 
succinate and acetate in a 1:1 ratio. 
Thus, this system results in the generation of one mole of 
ATP per mole of fumarate, or an additional 2 moles of ATP per mole of 
glucose 6-phosphate. If succinate is produced instead of lactate, there-
fore, a total of 5 moles of ATP/mole of G6P is released. This is a sub-
stantial advance over the yield from glycolysis. 
In the production of succinate, the NADH produced at the 
glyceraldehyde 3-phosphate dehydrogenase step is reoxidised at MOH, which 
thus has the same function as LOH in glycolysis. To drive the fumarate 
reduction, therefore, a source of mitochondrial NADH derived from outside 
the glycogen to fumarate pathway is required. 
In A. lwnbricoides and H. diminuta this additional NADH is 
supplied by dismutation of intramitochondrial malate to both pyruvate 
and CO2 via malic enzyme, and to succinate via fumarat e reductase (Saz 
and Lescure, 1969; Saz et al., 1972). In A. lwnbricoides the malic 
enzyme is NAD+-linked and the NADH produced is directly available for 
fumarate reductase. In the case of H. diminuta the malic enzyme is 
NADP+-linked (Prescott and Campbell, 1965) but a transhydrogenase is 
present to generate the NADH (Saz et al., 1972). 
In other species, the malic enzyme is not sufficiently 
active to generate NADPH in this way, and other sources of reducing 
power are required. Biosynthetic reactions may account for some, but 
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amino acid metabolism is thought to play a more significant role 
(Hochachka, Fields and Mustafa, 1973). A variety of pathways are repre-
sented in numerous species; they serve to generate both additional 
reducing equivalents and extra ATP from high energy thiolester compounds 
such as succinylCoA and propionylCoA. These have been discussed in detail 
by Hochachka et al. (1973), and a few examples are presented here: 
(1) Production of succinate and an amino acid from glutamate and a keto 
acid. 
The reactions involved are summarised in the diagram. This 
pathway occurs in the bivalve molluscs Rangia and Mytilus (Hochachka and 
Mustafa, 1972) and also possibly in the cestodes M. expansa (Cornish, 
1973) and Echinococaus gra:nulosus (Bryant and Morseth, 1968). An addit-
ional mole of GTP is produced, plus a mole of NADH. The end products are 
succinate and an amino acid such as alanine, aspartate or glycine. 
Glutamate 
,- - - - NAD 
I 
cycled 
' ... - - - -· NADH 
SuccinylCoA 
GDP+Pi 
GTP 
CoASH 
Succinate 
Keto acid (e_.g. pyruvate) 
Amino acid (e.g. alanine) 
a-Oxoglutarate dehydrogenase system 
SuccinylCoA synthetase 
(2) The production of propionate. (See diagram on next page) 
Propionate is a major end product of many nematodes (e.g. 
A. lv.ni>ricoides), trematodes (e.g. F. hepatica) and some annelids (e.g. 
Alma emini, Coles, 1970). These organisms also produce some succinate. 
One additional mole of ATP above the yield from succinate production 
alone is gained. SuccinylCoA may also be derived from a-oxoglutarate. 
Redox balance is not changed. 
ColH 
Succinate----~7--~~,-----~> SuccinylCoA 
GTP GDP+Pi l 
(3) The production of acetate. 
MethylmalonylCoA 
ADP+Pi 
ATP 
PropionylCoA 
AMP+PPi 
ATP 
Propionate 
MethylmalonylCoA 
mutase 
PropionylCoA 
carboxyl ase 
AcetylCoA 
synthetase 
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Some helminths with low LDH activity produce only small 
amounts of lactate and the majority of the pyruvate formed is oxidised 
to acetate by the pyruvate dehydrogenase system and acetylCoA synthetase: 
Pyruvate acetylCoA .,. acetate 
AMP+PPi ATP 
This is the case with A. lurrJJriaoides (Saz, 1971a), which also has low 
pyruvate kinase activity. Pyruvate is formed from malate by malic enzyme. 
· Reducing power to drive fumarate reductase is provided and the ATP pro-
duction is similar to that derived from the production of succinate alone. 
(4) Production of other volatile fatty acids and amino acids. 
Other volatile fatty acids produced by nematodes, trematodes 
and some annelids are isovalerate, isobutyrate and methylbutyrate. These 
arise from catabolism of leucine, valine and isoleucine via transamination 
with a-oxoglutarate, and serve to provide reducing equivalents and to 
generate ATP from their thiolester derivatives. 
Proline is an amino acid released by F. hepatiaa in large 
amounts (Isseroff, Tuni s and Read, 1972). This is produced from glutamate 
and is a source of NAD+ which could serve to drive other NAD+-requi ring 
and ATP-generating re act i on sequences. 
It is evident that a variety of mechanisms for anaerobic 
energy metabolism are exploited by invertebrates. Mechanisms employed 
by the parasitic helminths have common features with those employed by 
non-parasitic invertebrates that live anaerobically. It is interesting 
to note that some of these anaerobic pathways have also been found in 
vertebrate tissues subjected to anaerobiosis. In rat liver subjected 
to reduced oxygen tension, fumarate reductase activity has been observed 
(Hoberman and Prosky, 1967). Succinate accumulates in the perfused 
anaerobic rat heart and the rate of beating is increased more than five-
fold by the addition of fumarate, malate and glutamate (Cascarano, Chick 
and Seidman, 1968; Penney and Cascarano, 1970). Hochachka, Owen, Allen 
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and Whittow (in press, 1973, quoted from Hochachka et al., 1973) have 
demonstrated the simultaneous fermentation of glycogen and amino acids in 
four species of diving vertebrates. Four end products accumulate: succinate 
and alanine from amino acid catabolism, and lactate and pyruvate from glyco-
lysis. 
1.4 Aerobic Metabolism in Helminths: A Survey 
All nematodes, trematodes and cestodes examined to date are 
capable of taking up oxygen in vitro, both in air and at much lower oxygen 
tensions. The physiological significance of this oxygen consumption is 
problematical, since no helminth is capable of complete oxidation of its 
substrates to CO2 and water (Saz, 1971a). Consequently reduced end pro-
ducts accumulate aerobically as well as anaerobically. 
The contribution of oxygen to the metabolism of helminths has 
b_een examined in several ways: 
(i) Culture experiments have indicated those species which 
have an obligatory requirement for oxygen 
(ii) 
(iii) 
(iv) 
By comparisons of carbohydrate consumption and end 
-
product accumulation under aerobic and anaerobic conditions 
By me·asurement of enzymes and function of the TCA cycle 
By a search for the classical oxygen-linked electron 
transport system and the examination of oxidative 
capacities of isolated mitochondria. 
(i) Culture of Helminths 
Saz (1970) and Fairbairn (1970) have provided the most recent 
reviews of oxygen requirements of helminths in culture. A small nwnber 
of species have demonstrated an absolute requirement for oxygen. These 
include Hymenolepis micr•cstoin~ lar\rae (de Rycke and Berntzen, 1967), 
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Nippostrongylus brasiliensis adults (Roberts and Fairbairn, 1965; Alphey, 
1972), Litomosoides carinii adults (Bueding, 1949), Trichinella spiralis 
larvae (Berntzen, 1965), A. lWlUJricoides eggs (Passey and Fairbairn, 1955) 
and Caenorhabditis briggsae, which is a free-living nematode (Nicholas 
and Jantunen, 1964). All these species occupy habitats with a plentiful 
supply of oxygen, e.g. lungs, muscle tissue, insect haemocoel and jejunal 
mucosa tissue. The adults of A. lW7UJricoides require oxygen for collagen 
synthesis (Fujimoto and Prockop, 1969), but probably not for energy meta-
bolism (Saz, 1970), though this has been questioned (Smith, 1969). 
Some parasites are not dependent on oxygen for energy meta-
bolism. Successful culture to maturity of H. diminuta (Berntzen, 1961; 
Schiller, 1965; Roberts and Mong, 1969), H. nana (Berntzen, 1962), and 
Spirometra mansonoides (Berntzen and Mueller, 1964), intestinal cestodes, 
has been achieved under atmospheres of 5% CO2:95% N2. Oxygen actually 
inhibits the development of H. di~dnuta. Trichuris vulpis adults survive 
longer under N2-co2 alone than in a mixture containing oxygen (Bueding, 
Kmetec, Swartzwelder, Abadie and Saz, 1960). Motility and survival time 
in culture of Hetercikis gallinae was similar under nitrogen or air (Glocklin 
and Fairbairn, 1952; Fairbairn, 1954). Schistosoma mansonoides adults 
continue to live and reproduce in the bloodstream in the presence of 
cyanine dyes (Bueding, Peters, Koletsky and Moore, 1953). 
The oxygen requirements for the majority of parasites have 
not been rigorously investigated. The evidence available su_ggests that 
(i) some parasites or stages of their life cycle that have aerobic habitats 
have a definite requirement for oxygen, (ii) an aerobic habitat does not 
necessarily demand dependence on oxygen (e.g. S. mansoni), and (iii) many 
species or stages do not require oxygen in large quantities for survival. 
The latter appears to be the case with large intestinal cestodes and 
nematodes. 
(ii) Carbohydrate Consumption and End Products 
Von Brand (1966, p.106) tabulated carbohydrate consumption by 
various helminth species under aerobic and anaerobic conditions. In 
general there is only a slight increase in utilisation anaerobically for 
the species listed, and some show no effect at all. More recent data on 
parasites confirms this for intestinal helminths. Only a slight increase 
in carbohydrate consumption or end product accumulation was observed in 
adults of the following species: F. hepatica (Lahoud, Prichard, Mu~anus 
and Schofield, 1971), Ancylostoma caninwn (Warren and Poole, 1970), 
Syphaaia muris (Van den Bossche, Schaper and Borgers, 1971), and 
Ascaridia galZi (Srivastava, Ghatak and Krishna Murti, 1970). 
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S. mansoni adults produce only slightly more lactate under nitrogen than 
under air (Coles, 1972a). 
In other helminth species, or larval stages of apparently 
anaerobic species, a pronounced Pasteur effect is observed anaerobically. 
These species include S. mansoni larvae (Coles, 1972b), Nippostrongylus 
brasiliensis adults (Roberts and Fairbairn, 1965; Saz, Bonner, Karlin 
and Saz, 1971), A. Zwrbricoides lung stage larvae (Saz, Lescure and 
Bueding, 1968). All these species are known to require oxygen for 
survival. 
In many species which do not show a pronounced Pasteur effect, 
a change is nonetheless seen in the nature or proportion of the end pro-
ducts which accumulate. The most common effect is a decrease in the 
amount of succinate or propionate produced aerobically. This is the case 
with E. granulosus cyst scoleces (Agosin, 1957), Taenia taeniaeforrrrie: 
adults (von Brand and Bowman, 1961), H. diminuta adults (Scheibe! and 
Saz, 1966), and F. hepatica adults (de Zoeten, Posthuma and Tipker, 1969). 
Some species which produce lactate show a decreased lactate production 
aerobically, e.g. Ascaridia galli adults (Srivastava et al., 1970) and 
S. mansoni adults (Coles, 1972a), while other species show no change in 
their lactate or acetate production, e.g. T. taeniaeformis (von Brand and 
Bowman, 1961) and H. diminuta (Scheibe! and Saz, 1966). 
These data from the literature suggest that where aerobic 
metabolism plays a significant role in the worm's metabolic economy, 
mechanisms have been developed to suppress aerobic fermentation. In most 
of the other species, this mechanism is only partly developed, or it 
operates on only one of several anaerobic pathways. 
(iii) Enzymes and Function of the TCA Cycle 
All species which produce succinate from glucose possess at· 
least three TCA cycle enzymes: succinate dehydrogenase, fumarate hydratase 
and malate dehydrogenase. But the complete repertoire of TCA cycle enzymes 
· has been demonstrated in very few species, whici1 include: E. granulosus 
scoleces (Agosin and Repetto, 1963), M. expansa scoleces (Davey and 
Bryant, 1969), F. hepatica adults (Prichard and Schofield, 1968c), 
S. mansoni adults and larvae (Coles, 1972a,b), tmembryonated eggs of 
A. lUJ'fUJricoides (Costello and Brown, 1962), infective larvae of St rongyloides 
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papillosus (Costello and Grollman, 1959), T. spiralis larvae (Goldberg, 
1957), Strongyloides ratti larvae and free-living adults but not parasitic 
females (Korting and Fairbairn, 1971), A. galli and Nematodirus sp., 
(Massey and Rogers, 1950), Dirofilaria immitis (McNeill and Hutchinson, 
1971), A. Zwribricoides adult muscle (Oya, Kikuchi, Bando and Hayashi, 
1965), Haemonchus contortus larvae (Ward and Schofield, 1967b), and 
Ancylostoma caninwn (Warren, 1965). 
In many of the above species, the levels of activity of 
several of the TCA cycle enzymes present are so low as to suggest that 
the function of the cycle is limited. The only species thought to possess 
a significantly active cycle are A. Zurrbricoides eggs and larvae, 
H. contortus larvae, S. mansoni larvae and adults, A. caninwn adults, 
F. hepatica adults and E. granulosus adults. F. hepatica can survive in 
culture with pyruvate as the sole carbon source aerobically but not 
anaerobically (Rohrbacher, 1957). No definitive evidence for the other 
species possessing all TCA cycle enzymes is available to conclude whether 
there is significant function of the cycle. 
Many species examined possess only some of the TCA cycle 
enzymes and they are considered not to have an active cycle. These include 
H. diminuta (Scheibel and Saz, 1966; Ward and Fairbairn, 1970), 
Dicrostelium dend.:I'iticwrz (K~hler and Stahel, 1972; K~hler and Hanselmann, 
1973) and A. ZWT1hricoides adults (Bloom and Entner, 1965; Oya et al., 
1965). 
It is evident from the data that possession of a functional 
TCA cycle does not necessarily indicate dependence on aerobic metabolism, 
except perhaps in those species which are known to require oxygen for 
energy metabolism. F. hepatica is a case in point. A functional TCA cycle 
allows survival aerobically when only an oxidisable substrate such as 
pyruvate is provided, but lack of a significant Pasteur effect suggests 
that this species does not normally rely on aerobic energy metabolism. 
The TCA cycle may provide merely a useful energy supplement. 
Further information about a parasite's capacity for TCA cycle 
function may be obtained from the properties of the en zymes that operate 
in the production of succinate. Fumarate hydratase is a readily reversible 
equilibrium enzyme in most situations (e.g. Heath and Phillips, 1972), but 
malate dehydrogenase and succinate dehydrogenase are capable of modulation. 
MDH has been shown to exist in a number of isoz ymic forms in 
H. contort us (Rhodes, Ferguson and Marsh, 1970) and A. lwribricoides (Bloom 
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and Entner, 1965). The H. contortus isozymes show differences in pH 
optima and Km's for OAA. In A. lwrbricoides the enzymes show differences 
between larvae and adults. Assayed in the direction of malate oxidation 
the adult enzyme has a pH optimum of 7.3 but is inactive at pH 8.0, which 
is the optimum for the larval enzyme. Both enzymes have similar pH 
profiles in the reduction of OAA. Larvae produce 14c-labelled OAA and 
pyruvate from 14C-labelled malate, but succinate is the only labelled 
product in adults. This suggests that different properties of the two MDH's 
may govern the preferred direction of the reaction. In D. irronitis, McNeil! 
and Hutchinson (1971) were unable to detect any MDH activity in the 
direction of malate oxidation under their experimental conditions. While 
further investigation of this is necessary, this result could be an 
indication of the "preferred" direction of MOH activity in this species. 
A similar situation applies in the case of succinate dehydro-
genase, where further examples can be drawn from microorganisms and other 
invertebrates. Singer (1959, 1965) noted that SDH from tissues undergoing 
aerobic metabolism catalyses best the oxidation of succinate, while SDH 
from obligate anaerobes catalyses · fumarate reduction more readily. In 
facultative anaerobes such as Escherichia coli and various yeasts the two 
properties lie in different isozymes of SDH (Hirsch, Rasminsky, Davis 
and Lin, 1963; Rossi, Hauber and Singer, 1964). Singer noted that the 
succinate oxidised/fumarate reduced (SO/FR) ratio diminishes along the 
gradient from highly aerobic organisms through facultative anaerobes to 
obligate anaerobes. Although few examples are published for helminths, 
this principle can be applied to what data is available. 
SDH activity from Mi crococcus lactilyticus, a~ obligate 
anaerobe, has a SO/FR ratio of 0.09 (Warringa and Giuditta, 1958), whereas 
rat liver has a ratio of 19.3 (Ward and Schofield, 1967b). In H. contortus 
larvae the ratio is 6.5 (Ward and Schofield, 1967b) and S. mu:eis adults 
are similar with 6.21 (Van den Bossche et al., 1971). These helminths 
are intermediate between the two extremes and would be classified as 
facultative anaerobes. This is consistent with other data for these two 
species (see above). Working with adults of D. irronitis, McNeil! and 
Hutchinson (1971) could not demonstrate SDH activity in the direction of 
succinate oxidation. This argues against the function of the TCA cycle 
. in this species which possesses all the TCA cycle enzymes, but possible 
technical problems in the SDH determination cannot be ruled out. In 
A. lwnbricoid.Es , Bloom and Entner (1965) noted that the larval SDH 
functioned more readily in the direction of succinate oxidation, while 
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adult SDH acted primarily as a fumarate reductase. This agrees with all 
the evidence suggesting that larval metabolism is largely aerobic, while 
adults are primarily anaerobic. 
(iv) Electron Transport and Oxidative Capacities of Mitochondria 
Cytochrome oxidase will not load oxygen below a tension of 
5 mm Hg (Hill, 1936), so parasites occupying habitats with tensions in 
this range must adapt accordingly if they are to make use of the oxygen. 
Most of the work on electron transport in helminths has 
involved a search for a classical mammalian cytochrome system, including 
cytochrome c and cytochrome oxidase. Systematic studies have been made 
of only a small number of species, and Cheah (1971) has pointed out that 
inadequate techniques have hampered the discovery of classical cytochrome 
components in helminths. 
Two species of trematodes have been examined. S. mansoni 
adults and larvae contain small quantities of· cytochrome oxidase which 
accounts quantitatively for their oxygen uptake. Their cytochrome system 
contains cytochromes b, c and a/a3 and appears to be functional and coupled 
(Coles, 1972a,b). F. hepatica possesses two electron transport pathways, 
one of which is a classical system linked to oxygen (Prichard, 1968). This 
system is found only in very low concentrations, however) and the major 
system is linked to an o-type cytochrome which can reduce either fumarate 
or oxygen. Mitochondrial fractions will use oxygen when it is available, 
but the end product is H202, not water (Prichard and Schofield, 1971). 
A. Zwribricoides migrating larvae contain significant quantities 
of cytochrome oxidase (Saz, Lescure and Bueding, 1968) but the intestinal 
fourth-stage larvae do not possess it in detectable quantities (Sylk, 1969). 
Smith ( 1969) reported cytochrome oxidase in adult muscle and Che ah and 
Chance (1970) and Cheah (1972) extended the catalogue to cytochromes bss6, 
and c, with cytochromes aa3 and o acting as the terminal oxidases. 
Oxidative phosphorylation has not been demonstrated in this species, though 
Fischerova and Kubistova (1968) noted that malate retarded the decline in 
ATP content of isolated muscle aerobically, but not anaerobically, in the 
presence of rnalonate. 
N. brasiliensis has high cytochrome oxidase activity (Roberts 
and Fairbairn, 1965); low activity of cytochrome oxidase has been detected 
in S. muris (Van den Bossche et aZ., 1971). Mitochondria prepared from 
A. aa:ninum adults will oxidise succinate with a P/0 ratio of 0.1-0.7 
(Warren, 1970). 
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Electron transport has probably been most thoroughly studied 
in the cestodes. M. expansa possesses two terminal cytochromes which may 
indicate a branched system (Cheah, 1967c). A classical mammalian system 
linked to cytochrome a3 is found in low concentrations (Cheah, 1968, 1972). 
Cytochrome a3 is also found in Taenia hydatigena and H. diminuta (Cheah, 
1967a, 1971). The other pathway occurs in higher concentrations and is 
linked to cytochrome o which transfers electrons to fumarate or possibly 
oxygen. Cheah concluded that the electron transport system in T. hydatigena 
is similar to that in M. expa:nsa. Cytochrome o is also found in 
E. granulosus (Cheah, 1967c). 
Mitochondrial preparations from M. expa:nsa will oxidise 
glycerol 3-phosphate, succinate and NADH, with a P/0 for succinate of 1.5. 
T. taeniaeformis mitochondria will oxidise glycerol 3-phosphate, malate 
and glutamate at low rates compared with rat liver mitochondria (Weinbach 
and von Brand, 1970). Phosphorylation was not investigated in this species. 
Mitochondria from H. diminuta have shown coupled oxidation of glycerol 
3-phosphate, succinate, pyruvate plus malate, and other substrates, with 
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a high but variable P/0 ratio depending on ADP concentration and added 
cytochrome c (Rahaman and Meisner, 1973). 
It is likely that as more species are examined with modern 
techniques, cytochrome oxidase will be found in helminths where it was 
previously thought not to exist. Since most of the species that have been 
examined critically to date are, from other evidence, facultative anaerobes, 
it is not surprising that the classical electron transport system has been 
folll1d in low concentrations only. The mitochondrial oxidation properties 
of the three cestodes examined indicate that an oxidative phosphorylation 
process is functional in these species and suggest that they may be ab+e 
to take advantage of what oxygen is available in vivo. But no studies 
have been made on the capacity for oxidation at very low oxygen tensions 
below the loading concentration for cytochrome oxidase, so it is not 
possible to evaluate the role of cytochrome o, for example, in oxidative 
metabolism in vivo. 
(v) General Conclusions 
Different species with different life cycl es have quite diff-
erent oxygen requirements and different stages of the life cycl e of the 
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same species may alternate aerobic and anaerobic metabolism. Traces of 
aerobic metabolism in the adult stage of a species with an aerobic larval 
stage may indicate incompletely suppressed genes for larval aerobic meta-
bolism or may be of positive selective advantage to the adult. The 
energetic yield of even a very low level of aerobic metabolism is much 
greater than anaerobic metabolism can provide and may be advantageous 
even to a large parasite living in the supposedly anaerobic gut. The 
conclusion is inescapable that all of the species examined to date have 
been shown to possess some component of aerobic metabolism when modern 
techniques have been used, and there is no evidence to suggest that this 
is not useful to the parasite. 
1 . 5 Met abo lisrn of M. expansa 
(i) Early Work 
Von Brand (1929, 1933) published the earliest study of 
carbohydrate metabolism in M. ex-pansa. Whole worms contain large stores 
of glycogen which represent 0.99-5.35% of fresh weight. Glycogen content 
does not change when the worms are incubated anaerobically in a medium con-
taining 5% glucose; in the absence of glucose, the glycogen stores are 
depleted. Lactate and succinate are the major anaerobic end products, 
though small amounts of higher fatty acids were also excreted. Anaerobic-
ally, the proportions of lactate and succinate excreted were: 
Lactate 
Succinate 
% Total Acid Excreted 
46.4 range 37.0-51.0 
20.8 range 9.0-40.9 
Von Brand noted that loss of succinate in extraction could account for a 
measurement much lower than the true value. Aerobic acid production lvas 
not investigated . 
Wardle (1937) noted that the glycogen content of whole worms 
increased aerobically when glucose was added to the medium. Glycogen 
from M. exoansa is similar to that in vertebrate tissues (Abdel-Akher and 
Smith, 1951 ). Only a trace of trehalose is found in this worm (Fairbairn, 
1958). 
Alt and Tischer (1931) studied oxygen consump tion of whole 
, orms. They found that consumption , ·as low and did not vary between 
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atmospheres of 100% oxygen or air. Glucose added to the medium did not 
stimulate uptake. The scolex consumed oxygen at a greater rate than mature 
or gravid proglottid segments. Omission of glucose led to a decrease in 
the rate of acid formation anaerobically by the scolex after 30 mins. Acid 
formation was similar in the presence of 95% 02 or in its absence. 
(ii) Electron Transport 
In 1944, van Grembergen published a study of oxygen consumption 
in M. benedeni~ using a brei preparation. Glucose did not affect oxygen 
consumption, but glycerol 3-phosphat_e and succinate had a significant 
stimulating effect. S, 10 or 21% oxygen did not affect the rate of con-
sumption. A cytochrome oxidase and cytochromes band c were recognised 
along with flavoproteins. 
Cheah and Bryant (1966) and Cheah (1967c, 1968) made a com-
prehensive study of electron transport in particulate preparations from 
M. expansa. Oxygen uptake was low but was stimulated by added succinate, 
glycerol 3-phosphate or NADH, but not by NADPH, S-hydroxybutyrate, malate 
or a-oxoglutarate. The end product of oxidation was H2O2 and Cheah (1967b) 
demonstrated the presence of peroxidase located at the base of the tegument. 
Succinate and NADH are oxidised by different routes. Two terminal oxi-
dases are present: 
(i) cytochrome oxidase, apparently similar to mammalian cyto-
chrome oxidase and part of a classical cytochrome chain 
oxidising succinate, NADH and glycerol 3-phosphate 
(ii) "cytochrome 552,556 (Moniezia expansa)", an o-type pigment 
similar to those found in bacteria and algae, which is 
the major terminal oxidase. Electrons are transferred to 
either oxygen (forming H2O2) or fumarate (forming succinate) 
from NADH or glycerol 3-phosphate or succinate. 
Cheah (1967c) postulated that the two terminal pathways have a common initial 
segment. 
The relative proportions of the cytochrome components are: 
Cytochrome nrnoles/mg Protein 
b 
C 
a 
0 
0.120 
0.139 
0.032 
0.032 
0.331 
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The concentrations of cytochromes a and a3 are 1/7 of those in rat liver 
(Cheah, 1968). 
Using a more homogeneous preparation of mitochondria, Cheah 
(1971) was able to demonstrate stimulation of succinate and glycerol 
3-phosphate oxidation by ADP and reported an ADP/0 ratio for these two 
substrates of 1.5. The mitochondria were impermeable to NADH and resembled 
mammalian mitochondria in structure. Classical inhibitors had the same 
effect on Moniezia mitochondrial preparations as on mammalian preparations. 
In the same paper, Cheah reported the purification of cytochrome c from 
M. expansa; its spectral properties are slightly different from those of 
mammalian cytochrome c. 
A study of the anaerobic reduction of fumarate in mitochondrial 
preparations by Chilcott (1973) suggested that ATP synthesis takes place, 
but ATPase interference was too great to allow determination of a P/F ratio. 
(iii) Metabolic Pathways 
Radioactive glucose supplied to intact worms is excreted into 
the medium as succinate and lactate. No low-carbon volatile fatty acids 
are produced by this worm (Bryant, unpublished data). Lactate is produced 
by glycolysis. The maJor work on metabolic pathways has been concentrated 
on the mechanism of production of succinate and on reaction systems 
associated with this. 
Cheah and Bryant (1966) administered l4c-l,4-fumarate to 
p~rticulate preparations. Major radioactivity appeared in malate, succinate 
and alanine, with very small amounts in aspartate and lactate. NADH 
stimulated the accumulation into succinate. This suggested the presence 
of the following enzymes in the preparation: fumarate reductase, fumarate 
hydratase, malate dehydrogenase, a transaminase, malic enzyme activity, 
pyruvate carboxylase activity, and lactate dehydrogenase. 
Davey and Bryant (1969) investigated the occurrence of the 
TCA cycle in homogenates. By tracing the fate of added 14c-l,4-succinate, 
14c-U-malate, 14C-U-glutamate and NaH14C03 they concluded that all the TCA 
cycle enzymes are present but that the cycle was not functioning for the 
_following reasons: 
(i) a-oxoglutarate dehydrogenase was rate-limiting 
(ii) 14c-U-malate was converted aerobically mainly to succinate 
(iii) 14C02 appeared in succinate but not in citrate or 
a-oxo glutarate. 
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The results indicated the presence of CO2-fixing enzyme(s), possibly PEPCK 
or pyruvate carboxylase, and an NADP+-dependent decarboxylating malic enzyme. 
Further studies on CO2 fixation were performed by Bryant (1972a). 
The ma3or enzyme implicated in CO2 fixation by homogenates was PEPCK, with 
low activities possibly of pyruvate carboxylase and malic enzyme. 
Homogenates fix CO 2 predominantly into succinate under both 
air and N2; more is incorporated aerobically. PEP and pyruvate stimulate 
fixation under both conditions. Addition of fumarate aerobically lowers 
the rate of incorporation to the anaerobic level. 
Intact scoleces, on the other hand, react differently. They 
show a higher rate of CO2 fixation under N2 than air. Fixation is not 
stimulated by PEP, pyruvate, glucose, propionate or acetate. The lack of 
effect of glucose was taken to mean that endogenous levels of glycogen were 
sufficient to keep the pathways saturated. Added fumarate stimulated 
aerobic CO2 fixation, but it did not increase to the anaerobic level. 
Most recently, Bryant (1972b) has published a study of pyruvate 
kinase from M. expansa. At least two forms of this enzyme exist, with pH 
optima at 6.5 and 7.0. The pH 7.0 enzyme is insensitive to FOP activation, 
whereas 0.4 rnM FOP increases the activity of the pH 6.5 enzyme by 100%. 
The two enzymes have different sensitivities to Mn++ activation. The pH 
6.5 enzyme is inhibited by malate. 1 mM malate causes about 45% inhibition. 
Malate acts as an antagonist of FOP. Other metabolites tested had no effect 
on the enzyme. 
A role for amino acid metabolism in the anaerobic energy meta-
bolism of the worm was suggested by the work of Cornish (1973). Glutamate, 
an amino acid freely available in the sheep small intestine, can be meta-
bolised to succinate by transamination with pyruvate or OAA followed by 
decarboxylation by the a-oxoglutarate dehydrogenase system. 
(iv) Regulation of Carbohydrate Metabolism 
The recognition of a highly modulated pyruvate kinase in 
M. expansa throws some doubt on the hypothesis of Saz (1970, 1971a) that 
the production of succinate and lactate in different proportions by helminths 
· is the result of different activities of the two enzymes acting at the PEP 
brand1point, namely pyruvate kinase and PEPCK. This has been discussed in 
detail by Bryant (1974, in press). The hypothesis holds in the case of 
organisms producing succinate or lactate alone, but there is a large group 
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of organisms in the intermediate range where there is no necessary cor-
relation between PEPCK/PK ratios measured in vitro and the relative pro-
portions of lactate (or acetate) and succinate. The situation in many 
helminths requires further examination and M. expansa is a case in point. 
Bryant's CO2 fixation studies on intact scoleces demonstrated 
that the amount of CO2 fixed into lactate or succinate varied under differ-
ent environmental conditions, e.g. the presence or absence of glucose, and 
oxygen. It was noted that much more CO2 was fixed under nitrogen than 
under air, regardless of whether glucose was added to the medium. Glucose 
did affect the relative incorporation into lactate or succinate, however. 
Aerobically the addition of glucose depressed incorporation into succinate 
and caused increased incorporation into lactate. The route of CO2 in-
corporation into lactate has been brought to question (Bryant, 1972a) and 
is importai1t in the interpretation of this data. Studies of absolute pool 
sizes have clarified these effects (this work). 
Modulation of pyruvate kinase by FDP and malate is an indication 
of possible tight control of the PEP branchpoint and no doubt plays a part 
in the regulation of the ratios of lactate and succinate produced. 
1.6 Research Plan 
A basic conflict appears to exist between the ability of mito-
chondria from M. expansa to utilise oxygen at a significant rate and the 
apparently anaerobic metabolism of intact worms. A more detailed invest-
igation of anaerobic and aerobic carbohydrate metabolism was envisaged, 
involving a comparison of steady-state metabolism under the two conditions 
and a study of regulation of this metabolism. 
(i) Experimental Strategy 
The isotope incorporation studies of Bryant (1972a) were 
limited by the fact that absolute pool sizes of intermediates were not 
known; this rendered difficult the interpretation of changes in the 
lactate pool, in particular. A method of comparison involving absolute 
pool sizes was therefore used. This was the "crossover" method , originally 
developed by Chance, Holmes, Higgins and Connelly (1958) for study of 
·regulation of the electron transport chain. Data from these experiments 
allowed comparison of aerobic and anaerobic metabolism in terms of end 
products, ATP levels and intermediate pool sizes, and indicated possible 
sites of enzyme regulation within the pathway. Regulatory properties of 
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two enzymes implicated in regulation were then examined, and a hypothesis 
to explain the results was devised. Several tests of this hypothesis were 
made. 
Before the crossover technique could be applied to study 
regulation in M. expansa, further information was required on the activities 
of important enzymes in the pathways, and on their intracellular distribution. 
This material is covered in Chapter II. 
(ii) Experimental Material 
Following the example of Bryant (1972a), the entire work was 
performed using the anterior gram of M. expansa, referred to as the "scolex". 
Several metres of tapeworm represent a variety of developmental stages 
which will be reflected in their biochemistry. A greater degree of uniform-
ity might be found in the anterior, actively strobilating, portion of the 
worm than in the more posterior segments involved in egg production. 
The technology for growing M. expansa in vitro has not yet 
been developed. The animals used were isolated from freshly slaughtered 
lambs at the Canberra Abattoirs, where large quantities of this species 
are available at any time of the year. The genetic background and environ-
mental history of these worms would be diverse and probably explains the 
variability found in experiments between batches of worms. 
CHAPTER II: ACTIVITIES AND DISTRIBUTION OF SELECTED ENZYMES 
2.1 Introduction 
A knowledge of all the reactions of the pathway under invest-
igation is a prerequisite for study of metabolic regulation. The aim of 
the work presented in this chapter was two-fold. Firstly, it was necessary 
to clarify the possible paths of carbon at the PEP branchpoint by measur-
ing the activities of enzymes that could serve to link the lactate- and 
succinate-producing segments of the pathway. Secondly, preliminary 
information on enzyme activities and distribution was required to allow 
interpretation of the results of the crossover experiments. 
Bryant (1972a) had shown that, in homogenates, the maJor CO2-
fixing enzyme was PEPCK, which had a maximum activity of 85.8 nmoles CO2 
incorporated/min/mg protein at 30°. Malic enzyme activity was negligible 
and an apparent pyruvate carboxylase activity of 9.4 nmoles CO2 incorporated/ 
min/mg protein at 30° was found. The distribution of PEPCK activity was 
85.5% soluble (20,000 g) and 14.5% insoluble. 
The maJor purposes of reinvestigating this work were: 
(i) to obtain more standardised measurements of the activities 
of the CO2-fixing enzymes by using a 100,000 g supernatant 
and expressing the results in terms of wet weight of · 
tissue. This would enable comparison with activities of 
the glycolytic enzymes. 
(ii) to measure PEPCK activity under optimal conditions and to 
confirm the presence of a true mitochondrial PEPCK by using 
a washed mitochondrial preparation. 
(iii) 
(iv) 
to test directly for a mitochondrial malic enzyme. 
to check for activity of other CO2-fixing enzymes not 
previously tested. These were PEP carboxylase and PEP 
transphosphorylase. 
Malic enzyme in A . lwribricoides (Saz and Hubbard, 1957), 
H. diminuta (Prescott and Campbell, 1965) and possibly F. hepat ica 
(Prichard and Schofield, 1968d) and D. dendriticwn (K~hler and Hanselmann, 
1973) was found to have gre ater activity in the decarboxylation direction. 
A preliminary test of mali c enzyme in the decarboxylation of malate was 
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therefore performed on M. expansa extracts. 
Rolleston (1972, p.53) defined a regulatory enzyme as "one 
whose kinetic properties are controlled by factors other than the concen-
trations of its substrates, and which is capable of exerting significant 
control over the pathway". For effective regulation of a pathway, the 
regulatory enzyme or system must limit the rate of flux through the path-
way, and the non-regulatory enzymes must have activities high enough to 
present no barrier. A low catalytic activity in vivo may be expected to 
be demonstrable in vitro in a comparison of the activities of all the enzymes 
of a pathway. Krebs (1963) noted that enzymes which had no regulatory 
function possessed catalytic activities 10-100 times higher than those of 
regulatory enzymes, and, in a review of glycolysis and gluconeogenesis, 
Scrutton and Utter (1968) showed that enzymes common to both pathways had 
activities substantially higher than the regulating enzymes. Hence, rate-
limiting enzymes may be identified by measuring catalytic activity in vitro 
under optimal conditions. Two important provisos are attached to this 
method for identifying rate-limiting enzymes, however: (i) enzymes are 
measured in vitro under conditions of saturating substrate. This in fact 
may never occur in vivo. (ii) loss of activity during preparation of an 
extract may account for low activities in vitro. All things being equal -
and this is not necessarily the case - a significant difference should be 
detectable if maximum catalytic properties lie at the upper or lower 
extremes of the range. In practice, this method has been shown to be use-
ful in identifying the rate-limiting enzymes of glycolysis in a wide range 
of species (Crabtree and Newsholme, 1972) . 
The problem of intracellular compartition in studying regulation 
of cellular metabolism has been discussed by Sols and Marco (1970) and 
Gumaa, McLean and Greenbaum (1971). "Compartition" in M. expansa is con-
siderably more complex, since a whole worm is composed of a variety of 
tissues. No attempt has been made in this work to distinguish between 
metabolism in the different tissues of this species, because of the 
practical impossibility of tissue dissection. Enzyme activities and the 
metabolism studied therefore represent the "mean" or "net" metabolism of 
the scolex of this worm. Nonetheless, the intracellular location of the 
glycolytic and succinate-producing enzymes was considered to be useful in-
formation in this metabolic study, since it delineates possible boundaries 
to interactions between enzymes, substrates and other factors. The most 
significant boundaries in tissue metabolism are those between cell and 
intercellular space and between mitochondria and cytosol. For the purposes 
of this study, therefore, M. expansa was arbitrarily divided into two 
"compartments": 100,000 g supernatant and mitochondria. 
As a result of preliminary crossover experiments, and in 
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the light of results on the regulation of glycolysis published in the 
literature on mammalian metabolism, the following enzymes were selected 
for measurement of distribution and activity: hexokinase, phosphofructo-
kinase (PFK), fructose 1,6-diphosphatase (FDPase), aldolase, pyruvate 
kinase, lactate dehydrogenase (LOH) and malate dehydrogenase (MDH). 
Assay systems employed will be described individually. They 
were based on mammalian assays unless relevant information about the 
appropriate helminth enzymes was available. 
2. 2 Methods 
(1) Worms 
Adults of M. expansa were collected into Krebs-Ringer Phosphate 
solution (KRP), pH 7.4, at 0° and transported to the laboratory where the 
scoleces were separated, rinsed several times first in KRP then in the 
homogenising buffer, blotted, weighed, and used immediately. The time 
between collection and utilisation was 1-1. 5 hrs. The homogenising buffer 
was the buffer to be used in the relevant enzyme assay. 
(2) Materials 
The suppliers of biochemicals are listed in Appendix I. All 
chemicals used were analytical grade and glass distilled water was used 
throughout. 
(3) Preparation of Supernatant Fractions 
Scoleces were homogenised 1:1 (w/v) with the appropriate buffer 
at 0-2° using an all glass Dounce-type homogeniser (Kontes). The homogenate 
was centrifuged at 100,000 g for 15 mins at 2° in a Beckman L2-65B pre-
parative ultracentrifu.ge, the supernatant was separated and assayed immed-
iately. At least 5 g of scoleces were pooled for each preparation. 
-(4) Preparation of Mitochondria 
20 g ·of scoleces were used for each preparation. The method 
was based on that published by Che~1 (1971) for M. expansa. The compos-
itions of the media "A" and "B" are given in Appendix II. All operations 
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were performed at 0-2°. The scoleces were minced for 2 mins with scissors 
in medilllil A used at a rate of 2.5 mls/g. The tissue was homogenised in 
this medium using an all-glass Dounce-type homogeniser, and centrifuged 
for 5 mins at 850 g. The supernatant was filtered through 3 layers of 
surgical gauze and centrifuged at 14,000 g for 15 mins. The pellet was 
resuspended in 10 mls medium B containing BSA and recentrifuged at 850 g 
for 5 mins. The supernatant was centrifuged at 7,000 g for 10 mins and 
the pellet was washed twice more in 10 mls medium B without BSA. The 
electron microscopic appearance of mitochondria prepared in this way was 
similar to that published by Cheah (Chilcott, 1973). 
For assays of soluble mitochondrial enzymes, the mitochondria 
were resuspended after the final wash in 1 ml of the appropriate buffer, 
sonicated on ice for 30 secs in 5-sec bursts and centrifuged at 100,000 g 
for 30 mins. The supernatant was assayed immediately. 
(5) Protein 
The method of Lowry, Rosebrough, Farr and Randall (1951) was 
used to determine protein. BSA was used as the standard. 
(6) Enzyme Assays 
Appropriate controls and blanks were tested at all times in the 
determination of enzyme activities. Any non-specific reactions were subtracted 
from the overall activity. All assays were performed in triplicate on 5 g 
(supernatant) or 20 g (mitochondria) of pooled scoleces and the results ex-
pressed as the mean. Coupling enzymes were diluted with distilled water as 
required. 
(a) Enzymes fixing CO2 
These assays were based on radiocarbon incorporation into acid-
stable intermediates, except for the malic enzyme (decarboxylating) test. The 
tests were performed at 37° in a shaking water bath. Reactions were stopped 
by adding an aliquot (usually 100 µl) of the reaction mixture to 2 N HCl (usu-
ally 200 µl) in a scintillation vial; the mixture was evaporated to dryness 
on a slide warmer in the fume cupboard. The residue was dissolved in 500 µl 
distilled water to which was added 15 mls Bray's scintillant (Bray, 1960). 14c 
was cotmted for 20 m1ns using a Beckman Liquid Scintillation Counter, and 
quenching was corrected using an internal standard. The assay mixtures used 
were as follows: 
(i) Malic enzyme (carboxylating): after Bryant, 1972a. 
0.1 M MOPS -KOH, pH 7.4, 0.85 mls; Na-pyruvate 1 mM; 
NAD(P)H 1 mM; MnCl2 or MgCl2 1 mM; KHCO3 50 mM, 
containing 1 µCi NaH14CO3 sp.act.60 mCi/mmole; enzyme 
solution; distilled water to 1 ml final volume. 
Incubation time: 10 mins . 
(ii) Malic enzyme (decarboxylating). 
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To counteract expected interference from MDH and OAA 
decarboxylation, Na-glutamate and glutamate-oxaloacetate 
transaminase (GOT) were included in the reaction mixture. 
Reactions performed without these additives showed higher 
rates of decarboxylation. 
0.1 M 1ES-KOH , pH 7.4, 0.5 ml; MnCl2 or MgClz 12 mM; 
NAD(P) 1 mM ; malic acid (neutralised) 1.5 mM, con-
taining 0.05 µCi 14C-U-malate sp.act.82 mCi/mmole; 
Na-glutamate 0.5 mM; GOT 25 µg; enzyme preparation; 
distilled water to 1 ml final volume. The assay was 
performed in the main chamber of a \ arburg flask. A 
filter paper wick soaked in 1% hyamine was placed in 
the centre well. Reaction time: 10 mins, after which 
500 µl of 2N HCl was added from the side arm. The 
flasks stood at room temperature with shaking for 2 hrs, 
then the filter paper was added to 15 mls scintillant 
and the liberated 14co2 counted. 
(iii) Pyruvate carboxylase: after Bryant, 1972a. 
OAA formed was trapped as malate using MDH and NADH. 
0.1 M MOPS-KOH, pH 7.4, 0.85 mls; Na-pyruvate 1 mM; 
NADH 1 mM; MnClz or MgCl2 1 mM; ATP 1 ITM; AcetylCoA 
0 .1 or O. 25 nu'-'1; KHC03 50 mM, containing 1 µCi NaH14co3 
sp .act. 60 mCi/mmole; MDH 10 µg; enzyme preparation; 
distilled water to 1 ml final volume. Incubation time: 
10 mins . 
(iv) PEPCK 
OAA formed was trapped as ma1ate using MDH and NADH . 
0.1 M 10PS -KOH, pH 6.6, 0.85 mls ; NADH 2.5 m\f; GSH 
2.0 mM; MnCl2 2.5 mM; Na-PEP 1.0 m."1 ; Na-IDP 1.0 mM; 
KHC03 50 mil , containing 1 µCi NaH14co3 sp.act.60 mCi/ 
mrnole ; MDH 10 µg; enzyme preparation; distilled water 
to 1 ml final volume . All reagents i,,•ere dissolved in 
buffer a11d the final pH of the re action mixture was 6. 6. 
Incubation time: 10 mins . 
(v) PEP Carboxylase. 
0. formed was trapped with dDH and 1ADH. cti vi ty was 
tested at three pH 's: 6.6, 7.2 and 8.0. 0.1 1 fOPS -KOH, 
pH 6.6, or 0.1 M ffiS-KOH, pH 7~2, or 0.1 N tris-HCl, pH 
I· 
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8.0, 0.85 mls; Na-PEP 1 mM; MnCl2 or MgCl2 1 mM; 
NADH 2.5 mM; KHC03 50 mM, containing 1 µCi NaH14C03 
sp.act.60 mCi/mmole; MDH 10 µg; distilled water to 
1 ml final volume. Incubation time: 10 mins. 
(vi) PEP transphosphorylase. 
OAA formed was trapped with MDH and NADH. Activity was 
tested at three pH's: 6.6, 7.2 and 8.0. 0.1 M MOPS-KOH, 
pH 6.6, or 0.1 MMES-KOH, pH 7.2, or 0.1 M tris-HCl, 
pH 8.0, 0.85 ml; Na-PEP 1 mM; NADH 2.5 mM; MnCl2 or 
MgCl2 1.0 mM; Na3P04 1 mM; KHC03 50 mM, containing 
1 µCi NaH14co3 sp.act.60 mCi/mrnole; MDH 10 µg; enzyme 
preparation; distilled water to 1 ml final volume. 
Incubation time: 10 mins. 
(b) Enzymes of glycolysis 
Spectrophotometric assays were performed at 25° using a Gilford 
2400 recording spectrophotometer with a 1 cm light path. Enzyme activity 
was calculated from the change in extinction of NAD(P)(H) at 340 nm using 
the extinction coefficient of 6.2 x 106 cm2/mole published in Bergmeyer 
(1963). Initial linear reaction rate was measured using the protractor 
method of Henderson (1971). 
The reaction mixtures were as follows: 
(i) Hexokinase 
0.1 M triethanolamine-HCl, pH 7.4, containing 1 mM EGTA, 
1.5 mls; NADP 0.4 mM; MgCl2 5 mM; glucose 0.3 mM; 
ATP 0.1 mM; glucose 6-phosphate dehydrogenase 30 µg; 
enzyme preparation; distilled water to 2 mls final 
volume. 
(ii) Phosphofructokinase 
0.1 M triethanolamine-HCl buffer, pH 8.0, containing 1 mM 
EGTA and 0.1 M (NH4)2S04, 1.5 mls; NADH 0.1 mM; MgCl2 
5 mM; fructose 6-phosphate 3 TTu'vf ; ATP O. 2 mM; glycerol 
3-phosphate dehydrogenase 50 µg; triose-phosphate 1so-
merase 5 µg; aldolase 20 µg; enzyme preparation; 
distilled water to 2 mls final volume. 
( iii) . .\1 do lase 
0.1 M tris-HCl, pH 8.0, containing 1 mM EDTA, 1.5 mls; 
NADH 0.1 mM; fructose 1,6-diphosphate 0.5 mM; triose-
phosphate isomerase 5 µg ; glycerol 3-phosphate dehydro-
genase SO µg ; enzyme preparation; distilled water to 
2 mls final volume. 
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(iv) Fructose 1,6-diphosphatase 
0.1 M tris-HCl, pH 8.0, containing 1 mM EDTA, 1.5 mls; 
NADP 0.2 mM; fructose 1,6-diphosphate 0.1 rnM; MgCl2 
5.0 mM; glucose 6-phosphate dehydrogenase 50 µg; 
phosphoglucose isomerase SO µg; enzyme preparation; 
distilled water to 2 mls final volume. 
(v) Pyruvate kinase: after Bryant, 1972b 
0.1 M triethanolarnine-HCl, pH 6.5,1.5 mls; KCl 100 rnM; 
ADP 0.33 mM; NADH 0.13 mM; MgCl2 4 mM; LOH 5 µg; FOP 
(when added) 0.42 mM; enzyme preparation; distilled 
water to 2.4 mls final volume. 
(vi) Lactate dehydrogenase (from Bergmeyer, Bernt and Hess, 1n 
Bergmeyer, 1963, p.736). 
0.1 M triethanolamine-HCl, pH 7.4, containing 1 mM 
EGTA, 1.5 rnls; NADH 0.1 mM; Na-pyruvate 0.1 mM; 
enzyme preparation; distilled water to 2 rnls final 
volume. 
(vii) Malate dehydrogenase (from Bergmeyer and Bernt, in Berg-
meyer, 1963, p.757). 
0.1 M potassium phosphate buffer, pH 7.4, 2.8 mls; 
NADH 0.1 mM; OAA, neutralised, 1.7 mM; enzyme pre-
paration; distilled water to 3 mls final volume. 
2.3 Results 
All enzyme activities are expressed as µmoles/min/g wet weight 
of tissue, since this enables better comparison of enzyme activities between 
species when crude extracts have been used. Factors for conversion to 
activity/mg protein for M. expansa are 24.6 ± 2.6 mg/g we t weight for a 
100,000 g supernatant of a 1:1 homogenate, and 0.5 mg soluble mitochondrial 
protein/g wet weight of scoleces. 
(a) Enzymes fixing CO2 
(i) PEPCK 
The data for PEPCK are presented in Table 2.1. The enzyme 1s 
present in both mitochondria a.-rid supernatant with about S. 5% of the total 
activity present in t he mitochondria. The specific activity of the mito-
chondrial enzyme is higher, however, which suggests a high local concen-
tration of the enzyme. 
Table 2.1 PEPCK Activity in Mitochondrial and Supernatant Fractions 
Supernatant 
Mitochondria 
(ii) Malic enzyme 
µmoles CO2 fixed/min at 37° 
/g wet weight 
1.71 
0.10 
/mg protein 
0.069 
0.20 
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The results of the malic enzyme assays are shown in Table 2.2. 
Supernatant activity is only 3.4% of PEPCK carboxylation activity; it is 
therefore a minor component of CO2 fixation in M. expansa both in the super-
natant and mitochondria. The assay system was not sufficiently sensitive 
to detect mitochondrial carboxylating activity, but the more sensitive 
decarboxylating assay demonstrated its presence in the mitochondria though 
it is possible that some of this activity is due to PEPCK (decarboxylating). 
The enzyme showed greatest activity with NADP(H) and Mn++. 
Table 2.2 Malic Enzyme Activity in Mitochondrial and Supernatant Fractions 
Units: µmoles CO2 evolved or fixed/min/g wet weight at 37° 
Supernatant Mitochondria 
(a) Carboxylation Reaction 
NADPH, Mn++ 0.0584 < 0. 010 
NADPH, Mg++ 0.0217 < 0.010 
NADH, Mn++ 0.0512 <0.010 
NADH, Mg++ 0.0146 <0.010 
(b) Decarboxylation Reaction 
NADP, ~1n++ 0.0135 0.0143 
NADP, Mg++ 0.0102 0.0079 
NAD, Mn++ 0.0019 0.0024 
NAD, Mg++ 0. 0 015 0.0009 
(iii) Pyruvate carboxylase 
No CO2-fixation into pyruvate in the absence of NADPH or NADH 
occurred above the level of sensitivity of the assay of 10 nmol es/min/g 
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wet weight. Addition of 0.1 or 0.25 mM acetylCoA had no effect. Pyruvate 
carboxylase from some species is unstable at 0°. Preparations made at 
room temperature showed no activity either. 
(iv) Other CO2-fixing enzymes 
No activity of PEP carboxylase or PEP transphosphorylase above 
10 nmoles/min/g wet weight was detected although three different pH's were 
tested. This is not surprising since these enzymes have never been detected 
in helminths. 
(b) Glycolytic enzymes 
The activities of all the enzymes tested are listed in Table 
2.3. None of the glycolytic enzymes showed mitochondrial activity, but 
substantial MDH levels are present in mitochondria. There is a clear 
division between the enzymes of low activity (hexokinase, PFK, FOPase and 
pyruvate kinase) and those with high activity (aldolase, LOH and MOH). 
MOH activity is particularly high. To the list of enzymes with relatively 
low activities can be added PEPCK, which, assayed at 37°, had an activity 
in the supernatant of 1.71. Assuming a Q10 of approximately 2, PEPCK 
activity would be some~hat higher than pyruvate kinase activated by FOP. 
Table 2.3 Activities of Selected Enzymes of Carbohydrate Metabolism 
Units: µmoles/min/g wet weight at 25° 
Enzyme Supernatant Mitochondria 
Hexokinase 1.46 0 
Phosphofructokinase 0.18 0 
Aldolase 8.27 0 
Frustose 1,6-diphosphatase 0.50 0 
+FOP 0.55 0 
Pyruvate Kinase 
-FOP 0.18 0 
Lactate Dehydrogenase 6.88 0 
Malate Oehydrogenase 26.8 1.0 
It should be noted that the only enzymes for which optimal con-
ditions have been dete rmined in M. exoansa are PFK, pyruvate kinase and PEPCK. 
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The activities listed for the others are provisional and may represent a 
significant underestimate. 
2.4 Discussion 
The CO2-fixation results confirm and extend Bryant's work on 
homogenates. A mitochondrial PEPCK and malic enzyme (decarboxylating) are 
present, and no other CO2-fixing enzymes were detected. If pyruvate 
carboxylase is present, its activity must be very low, or its properties 
must be very different from the mammalian or avian enzyme. 
In contrast to findings in other helminth species, the rnalic 
enzyme reaction is less active in the decarboxylation direction than in 
carboxylation in the supernatant, though not, perhaps, in the mitochondria. 
This could be due to sub-optimal assay conditions or it could be a real 
difference between the rnalic enzyme from M. expansa and other helminths. 
The enzyme is more active with NADP(H) than NAD(H), as is the case with 
malic enzyme from H. diminuta (Prescott and Campbell, 1965; Li, Gracy and 
Harris, 1972; Saz et al., 1972). Mn++ is a more effective activator than 
Mg++; this is common to all the malic enzymes from helminths examined to 
date. 
The low activity of malic enzyme and the apparent absence of 
the other CO2-fixing enzymes in M. expansa indicate that only a low level 
of direct conversion between pyruvate and rnalate 1s likely in this species. 
The glycolytic enzymes assayed in M. expansa show an activity 
pattern similar to that found in mammals (Scrutton and Utter, 1968) and in 
several other helminths. Table 2.4 summarises published glycolytic enzyme 
activities from several other helminths and also activities in rat liver 
determined 1n a comparative study. In several OT the species listed, 
hexokinase is the enzyme with the lowest activity, but PFK is apparently 
the rate-limiting enzyme in M. expansa, although pyruvate kinase assayed 
in the absence of FOP is also low. PFK was measured under conditions of 
maximum activation (excess NH4), however, so its activity under conditions 
when it is less activated would probably be lower than that of pyruvate 
kinase. 
A maximum catalytic rate of 0.18 µmoles/min at 25° suggests a 
maximum glycolytic flux of [0.18 x 2 x 60 x 2] = 43.2 µmoles of lactate/ 
hr/g at 37°, assuming a Q10 of 2. This is very close to what is observed 
in intact scoleces when glucose is provided in the medium (see Ch. III, 
Table 2.4 Activities of Selected Cytosolic Enzymes in Three Helminth Species and in Rat Liver 
Hexokinase 
Phosphofructokinase 
Aldolase 
F 1, 6-DP ase 
Pyruvate Kinase 
Lactate Dehydrogenase 
PEPCK 
Malate Dehydrogenase 
From Barrett and Beis, 1973b. 
A. lwribricoidesa 
30° 
1.01 
7.9 
16.6 
0.16 
0.29 
4.4 
4.4 
306 d 
a 
b 
C 
d 
e 
Calculated from K~hler and Hanselmann, 1973. 
Calculated from Kohler, 1972. 
From Barrett and Beis, 1973a. 
Assuming a Q10 of 2. 
= not tested. 
D. dendritiav.rrP 
25° 
0.21 
1.51 
1.97c 
4.33 
0.22 
11.97 
4.20 
36. 76 
Units are µmoles/min/g wet weight at temperature specified. 
Rat Liverb 
25° 
0.46 
1.00 
3.21C 
6. 74 
18. 36 
176.27 
-
-
M. expansa 
25° 
1.46 
0 .18 
8. 27 
0.50 
0.18 
6.88 
0.86e 
26.8 
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Table 3.5), which suggests that the measured in vitro activity of PFK may 
be an underestimate due possibly to the fact that PFK is very unstable in 
vitro. In most other systems investigated, the glycolytic flux is con-
siderably less than the maximum catalytic activity of the rate-limiting 
enzyme (Crabtree and Newsholme, 1972). 
Aldolase activity is considerably higher than the measured 
PFK level in M. expansa. This is unusual in comparison with the other 
helminths and mammals (Scrutton and Utter, 1968), where aldolase is only 
2-3 times as active as PFK. This may be further evidence for a major 
underestimate of PFK. 
Pyruvate kinase activity is similar in M. eipa:nsa to that 
found in other helminths, but is much less active than in rat liver. Both 
D. dendriticwrz and M. expansa produce significant quantities of lactate 
as an excretory product, yet A. twrhricoides, with a similar activity of 
pyruvate kinase, produces very little lactate, despite the presence of an 
active LOH. 
The terminal dehydrogenases in each species have considerably 
higher activities than the other enzymes presented. A high activity of 
these terminal dehydrogenases is a good example of greater catalytic 
activity in enzymes which are not intrinsically regulatory, and indicates 
a mechanism for rapid reoxidation of NADH in the cytosol of these species. 
The presence of intramitochondrial PEPCK and MDH in M. expansa 
indicates that intramitochondrial pools of malate, OAA and PEP are present 
probably in addition to the cytosolic pools. This adds a further dimension 
to the possibilities for interaction, and transport across the mitochondrial 
membrane must be considered as a factor in regulation. 
An active FDPase in M. expansa extracts is significant, since 
it suggests the possibility of reversal of the glycolytic pathway for glyco-
gen or glucose synthesis in some tissues. FDPase apparently has a higher 
activity than PFK, though this could be artifactual. It is possible that 
FDPase has a more limi ted distribution within the body than PFK, so that 
its local concentration may be much greater than PFK, as is the case in 
rat liver. The possibility of reversal of the glycolytic pathway, at least 
· in some tissues, must therefore be considered in a study of regulation. 
CHAPTER III: COMPARISON OF AEROBIC A.~D ANAEROBIC METABOLISM 
3.1 Introduction: Identification of Regulatory Enzymes 
H.A. Krebs in 1946 stated that changes in living tissues 
cannot result from reversible enzymatic reactions: effectively irreversible 
reactions must control the rate and direction of metabolism. To be effect-
ive modulators, such "irreversible" reactions must be out of thermodynamic 
equilibrium in vivo: the reaction proceeds in the forward or reverse 
direction regardless of the concentration of reactants or products. 
Sensitive modulation of "non-equilibrium" enzymes is possible, particularly 
if their activity is low and they are far from equilibrium. A smal 1 change 
in their catalytic properties can lead to a maJor change in the rate of 
reaction, if there is no limitation to the supply of substrate. 
The flux through a metabolic pathway is controlled by the 
slowest reaction in the sequence. This must be a non-equilibrium enzyme, 
unless the "slowest" reaction is in fact governed by the supply of one of 
the reactants, e.g. a cofactor which may be supplied by another pathway 
(Krebs, 1969). The advantage of control by a non-equilibrium enzyme is 
that regulation may be governed by factors not directly related to the 
reaction or, possibly, to the pathway. This allows a greater degree of 
flexibility in control and coordination of metabolic pathways (Newsholme, 
19 70) . 
The maJor search for regulatory enzymes is therefore limited 
to non-equilibrium enzymes. Equilibrium enzymes are required to have cata-
lytic activities much greater than the regulatory enzymes to avoid uncon-
trolled rises in the concentration of intermediates (Atkinson, 1969). 
Therefore their catalytic activities are usually higher than those found 
in the rate-limiting enzymes. An initial step in the search for regulatory 
enzymes in a pathway is therefore to identify enzymes with low catalytic 
activity. In association with this, an enzyme can be identified as "non-
equi librium" in vivo by comparing the measured ratio of products to sub-
strates, the mass-action ratio, with the equilibrium constant of the reaction 
· determine d under the same conditions in vitro. In practice, "apparent" 
equilibrium constants only can be determined in vitro~ because the precise 
in vi o conditions are unknown. Rolleston (1972) has published guidelines 
for classifying a reaction as "equilibrium" or "non-equilibrium". If the 
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mass-action ratio, r, is equal to the apparent equilibrium constant, K', 
then (f/K' = 1) and the reaction is at equilibrium. The rate of the 
reverse reaction is negligible when it is less than 5% of the rate of the 
forward reaction, but it can be considered significant if it is greater 
than 20%. Thus, if r/K' is <0.05, the reaction is not at equilibrium; 
if it is >0.20, the reaction is at equilibrium in vivo. 
Non-equilibrium reactions are not necessarily regulatory in 
all circumstances. A regulatory or rate-limiting enzyme can be identified 
by several methods. 
The simplest approach is the teleological one (Krebs, 1957). 
The concentration of intermediates in a pathway must be under strict control, 
to avoid massive and uncontrolled accumulation of a substance at a rate-
limiting step. It is logical, therefore, that the first step in a pathway 
for metabolism of a freely-available substrate be regulated. This regu-
latory step could be the intracellular transport of the first substrate, 
for example, or the first enzyme in the pathway. Similarly, the first 
enzyme after a metabolic branchpoint or a situation in which two separate 
enzymes catalyse the fonvard and reverse reactions of a metabolic step, 
are suitable sites for regulation. This non-experimental approach offers 
no proof that an enzyme is regulatory, but it serves as a useful guide. 
A second avenue of approach is an experimental one. If an 
excess of each of the intermediates of a pathway is provided individually 
to a tissue and the formation of the end product is monitored, the rate-
limiting step(s) can be identified. Unfortunately, intact tissues cannot 
normally be used for this method of investigation because of problems of 
permeability to intermediates, so homogenates or cell-free preparations 
must be employed. Many of the normal boundaries of control are not present 
in disrupted tissue, however, and consequently the results from this method 
are of limited value. This approach has been used successfully on helminths 
in studying the effects of anthelmintic drugs. In S. mansoni., Bueding 
and Mansour (1957) showed that trivalent organic antimonials inhibit the 
schistosome PFK, but not that of the host. PDP added to inhibited homo-
genates of the wo rm caused a stimulation of lactate production. Addition 
of purified mammalian PFK also reversed the inhibition. 
A third approach has proved the most useful. Bueding and 
Mansour, in the study quoted above, noted that intact S. mansoni adults 
incubated with potassiU1I1 antirnonyl tartrate showed increased levels of 
F6P and a decrea-e in FDP. TI1is evidence alone is sufficient to indicate 
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that PFK activity is inhibited, because an increase in substrate concentration 
is associated with a decrease in flux through the pathway. This general 
approach was first discussed in detail by Krebs (1957). If the substrate 
concentrations of non-equilibrium enzymes are compared under steady-state 
conditions in which the flux through the pathway is altered, the levels of 
substrate of the rate-limiting enzyme should show a change in the opposite 
direction to the change in flux. Changes in product concentration are 
not relevant, since the product does not affect the rate of a non-equilibrium 
enzyme, unless it is an allosteric effector, and its levels are determined 
by the subsequent enzymes of the pathway. 
The major advantage of the latter method is that the tissue 
can be used intact, in its normal functional state. Positive evidence of 
a regulatory step is provided, but it should be stressed that failure to 
demonstrate these changes is not evidence that a non-equilibrium enzyme is 
not regulatory (Rolleston, 1972). 
The principle of this method is embodied in the "cross-over" 
theorem, which was originally developed by Chance and co-workers (Chance 
et al., 1968) to identify sites of interaction in the electron transport 
chain. When intermediates of a pathway are compared under two conditions 
of different flux, changes in the relative concentrations of intermediates 
between the two conditions may be observed. If the reactants in the path-
way are "conserved", as they are in the electron transport chain, then a 
reciprocal effect is observed when concentrations of an intermediate change. 
The site of interaction can be identified because it appears as a "cross-
over" on a plot of relative intermediate concentrations compared with a 
control situation. An observed "cross-over" in a study of a metabolic 
pathway where intermediates are not conserved, e.g. glycolysis, has less 
significance, because the changes in the product of a reaction may not be 
related to the regulation of the enzyme implicated in the "cross-over". 
Consequently, interpretation of the results is based solely on changes 
in the substrate of the reaction, and the enzyme concerned must be a non-
equilibrium one. This aspect of the interpretation of crossover experiments 
has been discussed in greater detail by Rolleston (1972). Given valid 
criteria for interpretation of the results, the crossover method is most 
useful in determining sites of regulation. 
3.2 Aerobic and Anaerobic Metabolism in M. e:cpansa 
This comparison of aerobic and anaerobic metabolism in M. expcrasa 
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scoleces has embodied the principles outlined in the previous section. 
Maximum catalytic activities in vitro have been determined for selected 
glycolytic enzymes; these were presented in Chapter II. In this chapter 
will be found mass-action ratios determined for many of the enzymes of the 
pathway and a comparison of aerobic and anaerobic metabolism by means of 
crossover experiments. Associated results from these experiments include 
comparisons of adenosine nucleotide levels, end products and their excretion 
under the two conditions. 
No study of this kind has previously been performed on helminths, 
though a study of glycolytic enzyme. activities and mass-action ratios in 
A. lwrbriaoides muscle was published during the course of this work (Barrett 
and Beis, 1973a). Measured intermediate levels were used to study the 
effects of anthelmintics on the metabolism of F. hepatiaa (Metzger and 
Dliwel, 1973). 
The methods used for extraction of intermediates from M. expansa 
scoleces were modified from those designed for mammalian tissue, published 
in Bergmeyer (1963) and Lowry and Passonneau (1972). The major modification 
was that frozen worms were homogenised in 6% HCl04 at the rate of 2 mls/g 
wet weight instead of the usual 4 or 8 mls/g. This was necessary because 
the concentration/g wet weight of intermediates in M. expansa tissue is 
considerably lower than in rat liver, for example, and the extracts result-
ing from a 4:1 extraction were too dilute to permit measurement of the 
metabolites present in low concentration by spectrophotometric methods. 
Since extractable protein from M. expansa is 24.6 mg/g wet weight and that 
from rat liver 1s 108 ± 11 (K~hler, 1972), a reduction of 50-75% added HC104 
was considered reasonable. For practical reasons, only a single extraction 
was possible, since 2 mls/g tissue was just sufficient to cover the frozen 
powder during defrosting. 
The extract recovered from one gram of worm was not sufficient 
to allow determination of all the intermediates from a single worm by the 
spectrophotometric methods available. Hence, it was necessary to pool 3 g 
of worms (= 3 scoleces) to obtain sufficient extract to determine all the 
metabolites. Because of the considerable variability found between indi v-
i duals in end product excretion, more consistent results were obtained 
when 10 g of scoleces were pooled for each experimental group. Since 
standard deviation values are not available, consistency of effect was 
determined by repeating each experiment at least once. 
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3. 3 lethods 
(a) Incubation 
Freshly-collected scoleces were separated and rinsed in several 
changes of KRP, pH 7. 4, b lotted and weighe d. They were divided into groups 
of 10 and preincubated unde r the experimental conditions for 30 mins at 
37°. At the end of this period the worms were rinsed briefly in fresh KRP 
at 37° and transferred to the experimental vessels for a further 30 ruins 
incubation. The purpose of preincubation was to minimise changes due to 
previous handling that would be reflected in the end products excreted 
during the experiment. 
All incubations were performed in KRP, pH 7.4, at 37° for 30 
m1ns. KRP was used at a rate of 5 mls/g of worm. Glucose was added to 
the KRP, as an isotonic solution to give a final concentTati on of 10 mM, 
where indicated. Before use the KRP was bubbled with either 5% CO 2 in 
nitrogen (high-purity, oxygen-free) for one hour, to ensure saturation 
with air or nitrogen. Incubations we re performed in glass screw-capped 
50 ml bottles (anaerobic) or open 50 ml bottles (aerobic). Air was dis-
placed from the anaerobic bottles by flushing the airspace wi th 5% CO2 in 
nitrogen before sealing. 
(b) Preparation of Extracts 
At the end of incubation, the worms were remove d from the 
bottles with forceps and snap - frozen in liquid nitrogen. The frozen worms 
w~re powdered manuall y under liquid nitrogen using a stainless steel pulver-
iser . The powder was adde d to a volume of preweighed 6% HC1O4 held at -5° 
1n an ethanol-ice bath. The mixture was reweighed and the volume of 6% 
HC1O4 made up to 2 mls/g . In general, the we ight of frozen h'orm recovered 
was equal to the initial wet weight , but occasional losses resulted from 
splashing during the pulverisation . The HClO4 and worm powder were mixed 
\ el l with a glass rod and the slurry was held at -5° until the mixture had 
softened sufficiently to homogenise (usually about 30 mins). Al 1 subsequent 
operations were perfor .ed at 0-2°. The preparation was homogenised with 
an all-glass Dounce -t:?e homogeniser, and the precipitated protein was 
removed 9)' centrifugaticn for 15 mins at 8,000 g . The supernatant was 
neutralised t o pH approx. 6 .5 with S 1 KOH after addition of sufficient 
tri ethanolamine-HCl to g1 ea final buffer concentration of 0 . 05 M. The 
precipitated KClO4 wa~ separated by centrifugation as above, the final 
volume was measured, &7 the extract Kas subdivided into a sufficient 
number of vials to ens· re a freshly-defrosted sample for each intermediate 
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assay. The vials were stored at -40° until used. For the assay of OM, 
FDP, DHAP and G3P, unfrozen extracts were used and the assay was performed 
immediately after preparatiort of the extracts. 
Samples of the incubation medium were also taken. Concentrated 
HClO4 was added to give a final concentration of 4%. After standing for 
15 mins on ice, the samples were neutralised with SM KHCO3, centrifuged 
as above and subsamples stores at -40° before assaying for lactate and 
succinate. 
(c) Intermediate Assays 
Spectrophotometric enzymatic assay of intermediates was per-
formed at 340 nm using a Gilford 2400 recording spectrophotometer and a 
light path of 1 cm. Assay methods were taken from Bergmeyer (1963) in most 
cases and used with little modification except for proportional adjustments 
for differences in final volume in the cuvette. The reliability of the 
assays was checked by measurement of standard solutions and by addition 
of standard samples of intermediates to M. expansa extracts to ensure 
complete recovery. In general, recovery was as reliable as the standard 
solutions themselves (after allowance for variable water content). Cor-
rections were made for contamination of reagents with some of the inter-
mediates to be measured (e.g. AMP in NADH and 3PGA in commercial 2,3-diPGA 
preparations) by reading against a reagent blank to which the enzymes were 
sequentially added. 
The M. expa:nsa extracts possessed some residual turbidity due 
to further precipitation of KClO4 during freezing and to contamination with 
lipid. These were removed by centrifuging the samples at 20,000 g for 
S mins at 4° immediately before the assay; the extracts were then sampled 
below the lipid layer. All assays were performed in duplicate. 
Two attempted assays of intermediates were unsuccessful: 
(i) OAA could not be estimated accurately because of very 
10\·v apparent concentrations (below S nmoles/g wet weight) 
and because of slight residual turbidity in the extracts 
despite prior centrifugation. 
(ii) measurement of furnarate by the method of Wi lliamson and 
Corkey ( 1969) using fumarate hydratase and MDH was not 
reliable. This was thought to be due to competitive 
inhibition of fumarate hydratase by the high concentrations 
of succinate present in the extracts. Measurement of 
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fumarate standards with this method was reliable, if care 
was taken to dilute the fumarate hydratase preparation 
before use. The enzyme preparation of both Sigma and 
Boehringer has a high absorbance at the wavelength employed. 
But fumarate standards added to the M. expa:nsa preparations 
were not recovered at all. 
The successful assay methods employed were as follows: 
(i) Dihydroxyacetone-phosphate (DHAP), glyceraldehyde 3-phosphate 
(G3P) and fructose 1,6-diphosphate (FOP): assayed in the 
same cuvette using the procedure of Bucher and Hohorst, 1n 
Bergmeyer (1963, p.246). The assay employs glycerol 3-
phosphate dehydrogenase, triose-phosphate isomerase and 
aldolase. Sample volume was 1 ml in a final volume of 
2 mls. 
(ii) Pyruvate, phosphoenolpyruvate (PEP), 2-phosphoglycerate 
(2PGA) and 3-phosphoglycerate (3PGA): determined in the 
same cuvette by the combined assay of Czok and Eckert, in 
Bergmeyer (1963, p.229), using LOH, pyruvate kinase, enolase 
and phosphoglycerate mutase. EDTA was omitted from the 
published buffer recipe because it inhibited pyruvate 
kinase. The concentration of 2, 3-diPGA was reduced to 
0.033 mM. Sample volume was 1 ml in a final volume of 
2 mls. 
(iii) Adenosine 5'-diphosphate (ADP), adenosine 5'-monophosphate 
(AMP): determined in the same cuvette by the assay of 
Adam, in Bergmeyer (1963, p.573), using LOH, pyruvate 
kinase and adenylate kinase. This assay measures IDP and 
GDP as well as ADP. Sample volume was 1 ml in a final 
volume of 3 mls. 
(iv) Glucose, glucose 6-phosphate (G6P), fructose 6-phosphate 
(F6P), adenosine 5'-triphosphate (ATP): determined by a 
combination of the assays of Lamprecht and Trautschold, 
Hohorst, and Slein, all in Bergmeyer (1963, pp.117, 134 
and 543), using glucose 6-phosphate dehydrogenase, phospho-
glucose 1somerase and hexokinase. Glucose concentration 
for the ATP assay was reduced to 2.5 mM to minimise drift. 
Sample volume was 100 µl for glucose determination, 500 µl 
for the other intermediates. The hexokinase assay is 
specific for ATP and does not measure ITP or GTP. Final 
vol ume was 2 mls. 
(v) Lactate and malate: determined by combination of the 
methods of Hohorst, in Bergmeyer (1963, pp.266, 328), 
using MDH and LDH. The hydrazine-glycine buffer was 
always freshly prepared. Sample volume for malate was 
100 µl, for lactate 20 µl,in a final volume of 2 mls. 
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(vi) Succinate: a number of methods for succinate determination 
were tried. The most successful was that of Williamson 
and Corkey (1969) using succinylCoA synthetase, pyruvate 
kinase and LDH. A detailed discussion of succinate assays 
is to be found in Appendix III. 
The assays (i) to (vi) were performed in the following order after prepar-
ation of the extract: 
Day 1: Assay (i) (= same day as experiment) 
Day 2: Assays (ii) - (iv) 
Day 3: Assays (v) and (vi) 
A freshly-defrosted sample was used for each assay. Results are expressed 
as nmoles/g wet weight. 
3.4 Mass-Action Ratios in M. expansa 
(a) Calculated Mass-Action Ratios 
Table 3.1 presents the mass-action ratios calculated from a 
nwnber of determinations of intermediates under aerobic and anaerobic con-
ditions in the presence and absence of glucose. In calculating the ratios 
for hexokinase, PFK and pyruvate kinase, the measured ATP/ADP ratios were 
t~ken to be cytosolic values. 
An inspection of the data reveals, for some enzymes, large 
differences in the mass-action ratio depending on whether glucose was present 
or not. There is ve ry little difference between aerobiosis or anaerobiosis 
under either condition. A Student's t test performed on the experiments 
with glucose showed no significant difference between aerobiosis or 
anaerobiosis for any of the enzymes. On this basis, it was considered 
valid to group the data into the categories "with" or "without" added 
glucose, regardless of gas phase. This allows a statistical measure of 
variance and at test to be performed. These data are presented in Table 
' 3.2. It is evident that the calculated ratios are drastically affected 
by the supply of glucose to the scoleces, because the following enzymes 
showed a significant difference under the two conditions: hexokinase, 
phosphoglucose isome rase, PFK, aldolase and triosephosphate isomerase (but 
I 
I· 
Table 3.1 Mass-Action Ratios Under Aerobic and Anaerobic Conditionsa 
(1) 
(2) 
a 
b 
No added glucose Aerobic (2) Anaerobic (2) 
Hexokinase 0.0238 0.0208 
Phosphoglucose 1somerase 0.465 0.411 
Phosphofructokinase 0. 368 0.568 
Aldolase (x 10-6 M) 2.80 3.85 
Triosephosphate isomerase 0 .276 0.335 
ALD x TPI (x 10-6 M)b 0.774 1.290 
Phosphoglyceromutase 0 .149 0 .168 
Enolase 1.419 1.787 
Pyruvate kinase 1.537 2.464 
Adenylate kinase 0.515 0. 589 
10 mM glucose added Aerobic (3) Anaerobic (4) p> 
Hexokinase 0.0068 0.0054 0.30 
Phosphoglucose 1somerase 0.203 0.204 0. 97 
Phosphofructokinase 1.288 2.050 0 .10 
Aldolase (x 10-6 M) 6.88 5.22 0.20 
Triosephosphate isomerase 0.256 0.265 0.80 
ALD x TPI (x 10-6 M)b 1. 755 1.335 0.30 
Phosphoglyceromutase 0.122 0 .137 0.40 
Enolase 3.100 3 .482 0.60 
Pyruvate kinase 1.511 2.200 0.40 
Adenylate kinase 0.360 0.320 0.70 
Values are means of mass-action ratios determined in individual experi-
ments. Figures in parentheses are the number of experiments performed. 
Each experiment used 10 scoleces, pooled. 
"ALD x TPI" is the product of the mass-action ratios for aldolase and 
triosephosphate isomerase. 
Table 3.2 Mass-Action Ratios in the Presence and Absence of 10 mM Glucosea 
No glucose ( 4) 10 mM glucose (7) p 
-
X ± S.D. X ± S.D. 
IIoxokinasc 0.0223 0.0017 0.0060 0.0018 <0.001 
Phosphoglucose isomerase 0.438 0. 080 0.204 0.055 <0.001 
Phosphofructokinase 0.477 0.271 1.724 0.645 <0.01 
Aldolase (x 10-6 M) 3.32 0. 85 5.93 1.70 <0.01 
Triosephosphate isomerase 0.306 0.100 0.261 0.062 <0.05 
ALD x TPI (x 10-6 M)b 0.969 0.258 1.515 0.496 >0 .40 
Phosphoglyceromutase 0.159 0.052 0.130 0. 045 · >0. 40 
Enolase 1.22 0.78 3.32 1.06 <0.025 
Pyruvate kinase 1.66 0.43 1.90 1.06 >0. 70 
Adenylate kinase 0.552 0.093 0.337 0.120 <0.025 
~ Values are means of mass-action ratios determined in individual experiments. Figures in 
parentheses are the number of experiments performed. Each experiment used 10 scoleces, 
pooled. 
b 
"ALD x TPI" is the product of the mass-action ratios for aldolase and triosephosphate 
isomerase. 
41 
not the combined reactions), enolase and adenylate kinase. 
The presence of significant quantities of extracellular glucose 
would be expected to alter the apparent mass-action ratio for hexokinase, 
since a large proportion of the measured glucose would not in fact be avail-
able to the enzyme: hence it appears to be further out of equilibrium in 
the presence of added glucose. 
Changes in the mass-action ratios for the other enzymes are 
more difficult to interpret. Since changes in products have no bearing on 
the assessment of regulation of a pathway, the actual changes in mass-action 
ratios are only significant in terms of changes in substrate concentrations. 
This is investigated below. It is clear, however, that glucose has an 
effect on the pathway. 
Table 3.3 presents a comparison of r, the mass-action ratio, 
with K', the apparent equilibrium constant, for each of the enzymes from 
Table 3.2. Apparent equilibrium constants published in the literature are 
variable. The highest value available was arbitrarily chosen for the com-
parison. 
Following the classification of Rolleston (1972), the following 
enzymes have mass-action ratios significantly below the K' to suggest that 
the reaction in vivo lies in favour of the reactants, i.e. 1s out of 
equilibrium: hexokinase, PFK, aldolase and pyruvate kinase. In addition, 
the position of triose-phosphate isomerase lies in favour of the product 
of the reaction and is therefore also out of equilibrium. Triose-phosphate 
isornerase has been observed out of apparent equilibrium 1n a number of 
mammalian cells, including Ehrlich ascites tumour cells (Hess, 1963) and 
perfused rat heart (Williamson, 1965a, b), and it has been suggested by 
Williamson (1965a) that DHAP may not be immediately available to the enzyme 
after cleavage of FDP by aldolase. The fact that the product of the mass-
action ratios of aldolase and triose-phosphate isomerase approaches the 
product of their respective apparent equilibrium constants was thought to 
be good evidence for an interaction between the two enzymes. This appears 
to be the case with M. expansa also, since the combined expression does 
not differ significantly from the equilibrium position. 
Thus, the three enzymes shown to be out of equilibrium in vivo 
have also been shown to have low maximal activities in vitro. These enzymes, 
hexokinase, PFK, and pyruvate kinase, are therefore principal candidates 
for a regulatory function. 
Table 3.3 Comparison of Mass-Action Ratios and Apparent Equilibrium Constants, r/K' 
Hexokinase 
Phosphoglucose isomerase 
Phosphofructokinase 
Aldo lase 
Triosephosphate isomerase 
ALD x TP!d 
Phosphoglyceromutase 
Enolase 
Pyruvate kinase 
Adenylate kinase 
a Hess, 1963. 
No glucose (4)e 
4.05 X lQ-6 
0.93 
0.397 X l0-3 
0.037 
8.5 
0. 31 
0.94 
0.27 
1.1 X l0-4 
1.25 
b Lowry and Passonneau, 1964. 
c Eggleston and Hems, 1952. 
d Product of aldolase and triosephosphate isomerase. 
e Figures in parentheses are the number of determinations 
10 scoleces, pooled. 
10 mM glucose (7)e 
1.09 X 10-6 
0.43 
1.44 X 10-3 
0.066 
7.2 
0.48 
0. 76 
0. 72 
1.3 X 10-4 
0.77 
of the mass-action ratio. 
K' 
5500 (a) 
0.47(a) 
1200 ( a) 
68(a),90(b) X l0-6 
0. 0 36 (b) 
3.2 X l0-6(b) 
0.17(a) ,0.l0(b) 
l.4(a) ,4.6(b) 
15000(b) 
0. 44 ( c) 
Each determination used 
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(b) Mass-Action Ratios not Calculated 
It was not possible to calculate the mass-action ratios for 
seven of the enzymatic steps in the pathways because determination of some 
of the reactants or products was not possible. 
The mass-action ratio for fumarate reductase could not be 
estimated because fumarate could not be measured, and the true intracellular 
concentration of succinate, an excretory product, was unknown. The reaction 
is known to be reversible, but no appropriate information is available on 
the equilibrium position in M. expansa. The enzyme is likely to play a 
regulatory role in that both the concentration of oxygen and the availability 
of NADH will affect both the direction and rate of activity. But whether 
it is capable of intrinsic regulation is unknown. The situation is com-
plicated by the fact that fumarate reductase may be a separate enzyme from 
succinate dehydrogenase, and both may be very active enzymes under different 
conditions. Since fumarate reductase is a ~ajor terminal dehydrogenase, 
it is suggested that it is probably an active enzyme in equilibrium with 
its reactants and products. 
The reaction catalysed by fumarate hydratase is readily re-
versible in vitro, with a K' (fumarate/malate) of 0.23 (Barman, 1969). 
The enzyme from M. expansa is also readily reversible, since radioactive 
fumarate is converted partly to malate in mitochondrial preparations 
(Chilcott, 1973). An assessment of the equilibrium position in vivo, 
however, was not possible because of failure to determine fumarate and . 
because of division of the malate pool between mitochondria and cytosol. 
The presence of both cytosolic and mitochondrial :MDH and the 
lack of success in the measurement of OAA rendered it impossible to calculate 
a mass-action ratio for MDH. The very high activity of the enzyme, partic-
ularly in the cytosol, suggests that this enzyme probably maintains an 
equilibrium between OAA and malate and the NAD+ /NADH redox pair in vivo. 
In the calculation of a mass-action ratio for cytosolic PEPCK, 
four assumptions must be made. These are, (i) that the PEP and OAA pools 
measured are substantially cytosolic, (ii) that ITP/IDP ratios follow the 
ATP/ADP ratios and that the cytosolic component of the measured ATP/ADP 
ratio is substantial, (iii) that intracellular CO2 is in equilibrium with 
the 5% CO2 gas phase, giving a [CO2] of 1.25 mM at 37° and pH 7.4, and 
that this is equal to 1.25 µmo les/g, (iv) that the intracellular OAA 
concentration is about S nmoles/g, i.e. slightly below the level of detection 
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of the assay method employed. There is no direct evidence for any of these 
suppositions, but points (i) and (iv) can be considered to be reasonable 
assumptions, given the cytoplasmic location of the glycolytic enzymes and 
the major cytoplasmic activity of PEPCK. The second point requires the 
assumption of a very active nucleoside diphosphokinase. This has not been 
measured in M. expansa, but the enzyme is very active in A. lurribricoides 
muscle (Barrett, 1973). The dependence of PEPCK from M. expansa on the 
inosine and guanosine di- and tri-phosphates (see Ch. V) suggests that an 
active nucleoside diphosphokinase is present. Intracellular CO2 may be 
higher than 1.25 mM if the calcareous corpuscles present in M. expansa 
contribute substantially to the [CO2] (von Brand, 1966). The extracellular 
volume of M. expansa has not been determined, so the equivalence of 1.25 mM 
and 1.25 µmoles/g is based on the assumption that 1 g = 1 ml. 
Using these assumptions, a very tentative value for the mass-
action ratio of cytosolic PEPCK can be calculated, employing the measured 
concentration of PEP of 84 nmoles/g (n = 13) and an ATP/ADP ratio of 1.59 
(n = 22), thus: 
r = 
= 
[PEP] x [CO2] x [ADP] 
[OAA] x [ATP] 
84 X 1250 
s X 0.63 
= 0.013 M 
The apparent equilibrium constant for PEPCK is 0.37 M (Utter and Kurahashi, 
1954), so f/K' = 0.035. This allows the suggestion that PEPCK is not an 
equilibrium enzyme in vivo, but maJor variation in the concentrations of 
OAA or CO2 from those suggested could bring the ratio closer to apparent 
equilibrium. 
A maJor problem in calculating the mass-action ratios for the 
dehydrogenases LDH and MDH, apart from lack of information on the distributi o_ 
of malate, and of lactate which is an excretory product, is that the ratio 
of free NAD+/NADH in the cytosol is not known. This . ratio is usually cal-
culated from dehydrogenase reactions that are known to be at equilibrium 
in vivo (Gumaa et al. , 1971). While one might reasonably predict that 
these two enzymes in the cytosol in M. expansa are probably in equilibrium 
with their reactants because of their high activities, reliable values 
for cytosolic NAD+/NADH cannot be calculated because of unequal distribution 
of one of the reactants in each case. 
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A third system used for calcul ating cytosolic . 1AD+ /NADH and 
ATP/ADP ratios in cells is the glyceraldehyde 3-phosphate dehydro genase/ 
phosphoglycerokinase system (Veech, Raijman and Krebs, 1970). Levels of 
the intermediate 1,3-diphosphoglycerate are too low to measure, so these 
two enzymes are usually considered as a single system. A similar problem 
exists with this system as with MDH and LDH: to determine the NAD+/NADH 
ratio, the enzymes must be at equilibrium; to determine , .. hether the 
enzymes are at equilibrium, the NAD+/NADH ratio must be known so that 
mass-action ratios can be calculated. A partial solution to this problem 
may be available if the activities of glyceraldehyde 3-phosphate dehydrogenase 
and phosphoglycerokinase in M. expansa are shown to be sufficiently high 
to justify the assumption of equilibrium. The NAD+/NADH ratios so obtained 
could then be used to calculate the distribution of lactate and malate. 
Another enzyme that can be used for calculating cytosolic NAD+/NADH ratios 
is glycerol 3-phosphate dehydrogenase. Nothing is known of this enzyme in 
I· M. expansa cytosol, but the presence of a glycerol 3-phosphate dehydrogenase 
system in the mitochondria may complicate interpretation of this system 
also. 
3.5 Effects of Glucose on Metabolism 
A basic premise in a comparison of metabolism is that the 
changes observed under experimental conditions are in fact due to the con-
ditions imposed. Basic to the study of pathway regulation, therefore, is 
that the initial substrate for the pathway should not be limiting the 
flux through the pathway. 
M. expansa scoleces contain substantial reserves of glycogen 
and also 1-2 µmoles glucose/g. To avoid complications arising from in-
sufficient carbohydrate being available for the pathway, particularly in 
view of the possible heterogeneous background of the worms and the fact 
that lambs are fasted before slaughter, it was decided to supplement the 
medium with 10 mM glucose. A brief investigation of the effects of glucose 
on metabolism in M. expansa scoleces was therefore undertaken by me ans of 
crossover experiments. It was hoped by this means also to be able to 
recognise changes due to increased flux per se in contrast to changes due 
to aerobiosis. 
A four-way comparison of metabolism under aerobic and anaerobic 
conditions in the presence and absence of 10 mM glucose was performed . 
Intermediate levels for 11 determinations are summarised in Table 3.4. The 
Table 3.4 Intermediate Levels in the Presence and Absence of Glucose Under Aerobic and Anaerobic Conditionsa 
Aerobic 
Intermediate 
- glucose ( 2) + glucose (3) 
Glucose 1900 
Glucose 6-phosphate 77 
Fructose 6-phosphate 33 
Fructose 1,6-diphosphate 22 
Dihydroxyacetone phosphate 16 
Glyceraldehyde 3-phosphate 6 
3-phosphoglycerate 271 
2-phosphoglycerate 39 
Phosphoenolpyruvate 89 
Pyruvate ~ 86 
Lactateb 4637 
Malate 1030 
Succinateb 5353 
Total end productsb 9990 
a The values are means. The units are nmoles/g wet weight. 
b Total nmoles produced in 30 mins at 37°/g wet weight. 
9710 
97 
20 
45 
35 
9 
280 
34 
100 
87 
7039 
1120 
9618 
16657 
Anaerobic 
- glucose (2) + glucose (4) 
2000 7230 
68 65 
27 13 
33 42 
21 30 
4 7 
219 210 
37 28 
59 91 
94 110 
6230 9779 
605 649 
6593 9313 
12823 19092 
Figures in parentheses refer to the number of experiments in each category. Each experiment used 10 worms, pooled. 
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results are presented as the mean for each condition. Variation of levels 
of each intermediate between experiments Kas high, but the directi on of 
most changes was cons is tent. The data for the individual experi~ents are 
available in Appendix IV. 
A comparison of the effects of added glucose under aerobic and 
anaerobic conditions is presented in the crossover diagrams, Figs. 3.1 and 
3.2. In these and subsequent crossover diagrams, the line linking PEP 
and MAL has been omitted, for the sake of clarity. The percentages \,ere 
calculated from the means in Table 3.4. Under both aerobiosis and anaero-
biosis, glucose had the effect of increasing the rate of production of 
lactate and succinate, i.e. it increased the flux through the pathway. 
Accompanying this increase in flux are two crossover points, 
at PFK and enolase. PFK has already been shown to have low activity and 
to be considerably out of equilibrium in vivo. A decrease in the pool of 
its substrate, F6P, associated with an increase in the overall flux through 
the pathway indicates that PFK activity has increased in the presence of 
glucose, i.e. that this enzyme is regulatory under these conditions. This 
effect on PFK was observed in each experiment. 
The crossover at enolase, however, was observed in only one 
experiment, in which the 2PGA pools were twice as high as normally found. 
This batch of worms, incubated without glucose, had 2PGA levels sufficiently 
high to force the mean for incubations without glucose above that for the 
incubations with glucose. It appears likely that this is an extraneous 
effect due to "variation", particularly when the mass-action ratios for 
enolase indicate that it is an equilibrium enzyme. Enolase has not been 
observed to be rate-limiting in mammalian glycolytic systems, and two enzymes 
controlling flux through a single pathway are unlikely to be found unless 
there is a branch in the pathway or some form of compartition is present. 
In view of the fact that whole animals were used in these experiments, 
these factors cannot be ruled out entirely. 
The activity of hexokinase or of transport of glucose into the 
cell is likely also to play a role in the increased flux through the path-
way, but changes in the concentration of intracellular glucose cannot be 
measured. However, if hexokinase, for example, were controlling the rate 
of flux, a crossover would not be observed at PFK, since the equilibrium 
enzyme phosphoglucose isomerase would supply F6P more rapidly than PFK 
could drain the pool; hence, F6P and G6P levels would be higher than in 
the incubations without glucose. 
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There is little difference aerobically or anaerobically in the 
effects of added glucose. The major effects are: 
(i) increased output of end products 
(ii) higher levels of all intermediates except F6P . 
(iii) a crossover at PFK indicating that this enzyme has in-
creased in activity. 
The mechanism for activation of PFK by glucose requires further study. 
PFK is a well-known regulator of glycolytic flux, but the properties of 
PFK from M. expansa require investigation before definite suggestions about 
the mechanism of control can be made. Some properties of PFK from this 
species are investigated in Ch. IV. 
On the basis of this comparison, it was concluded that the 
supply of substrate for the glycolytic pathway in M. expansa scoleces is 
limiting the flux through the pathway and that PFK is controlling the rate 
of flux when glucose is added. To avoid differences in flux that might 
result from insufficient carbohydrate being available, glucose was added 
routinely to the medium in all subsequent experiments. 
3.6 Aerobic and Anaerobic Metabolism Compared 
(a) Production of Lactate and Succinate 
Table 3.5 presents the results of 9 paired comparisons of 
lactate and succinate production under aerobic and anaerobic conditions .. 
In each experiment, whether glucose was present or not, total production 
is slightly greater anaerobically. The difference is 2-3 µmoles in a 
30 min incubation. The effect is quite consistent despite large variations 
in the absolute rate of production. 
The increase in succinate and lactate anaerobically is dis-
proportionately biased in favour of lactate. This is shown in Table 3.6, 
where the end products of the experiments quoted in Table 3.5 have been 
partitioned into total lactate and succinate produced. A comparison of 
absolute values does not permit reliable interpretation because, although 
less lactate is formed aeropically in each case, the total production has 
also decreased. Comparison of lactate/succinate ratios shows a higher 
ratio anaerobically in most cases, whe ther or not glucose was added. 
Aerobic conditions, therefore, depress the production of lactate to a greater 
extent than succinate. 
The pattern of excretion of lactate and succinate differs . 
Table 3.5 Total End Products Under Aerobic and Anaerobic Conditionsa 
(i) No glucose 1n medium 
Experiment No. 
X = 
I 
II 
III 
IV 
(ii) 10 mM glucose in medium 
Experiment No. V 
VI 
VII 
VIII 
IX 
X = 
Aerobic 
8.86 
13.26 
12.37 
7.70 
10.55 
15.30 
23.15 
16.78 
27.71 
12.05 
19.00 
Anaerobic 
10.96 
14.07 
16.38 
9.27 
12.67 
18.64 
23.10 
19.77 
34 .18 
14.62 
22.06 
a Total µmoles [lactate + succinate] produced/ g wet weight in 30 mins at 
37°. 
Each experiment contained 2 x 10 worms: aerobic/anaerobic comparison 
between worms from the same batch. 
Table 3.6 Production of Lactate and Succinate Under Aerobic and Anaerobic Conditionsa 
(i) 
I 
II 
III 
IV 
(ii) 
V 
VI 
VII 
VIII 
IX 
Lactate 
No glucose in medium 
1.07 
8.59 
4.93 
4.34 
Aerobic 
Succinate 
7.79 
4.67 
7.44 
3.36 
10 mM glucose in medium 
10.44 4.86 
8.52 14.63 
11.83 4.95 
24.09 3.62 
7.44 4.61 
Lactate 
Succinate 
0.137 
1.839 
0.663 
1.292 
2.148 
0.582 
2.390 
6.655 
1.614 
Lactate 
2.75 
9.99 
5.88 
6.58 
13.41 
11.00 
13.45 
30.19 
9.05 
Anaerobic 
Succinate 
8.21 
4.08 
10.50 
2 .68 
5.23 
13.06 
6.32 
3.99 
5.57 
Lactate 
Succinate 
0.334 
2.448 
0.560 
2.455 
2.564 
0.842 
2.128 
7.566 
1.625 
a Values are total µmoles lactate or succinate produced in 30 rnins at 37°/g wet weight. 
Each experiment used 2 x 10 scoleces. 
b "Difference" is (lactate/succinate, anaerobic) - (lactate/succinate, aerobic). 
Differenceb 
+ 0. 19 7 
+ 0.609 
- 0. 10 3 
+ 1.163 
+ 0.416 
+ 0.260 
- 0.262 
+ 0.911 
+ 0.011 
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Table 3.7 presents the results from the experiments quoted above, in which 
the lactate or succinate present in the worm extracts after incubation is 
expressed as a percentage of the total lactate or succinate present in 
both the medium and the extracts. It is evident that lactate is excreted 
more readily than succinate under all the conditions tested. A comparison 
with Table 3.6 indicates that this excretion pattern is not dependent on 
total, or relative, levels of lactate and succinate. 
(b) Energy Levels 
Two good indicators of the energy status of a tissue or organism 
are the ATP/ADP ratios and the adenylate energy charge. The ATP/ADP ratio 
is an index of the high-energy phosphorylation state of the tissue, and 
therefore its capacity to do work, whereas the adenylate energy charge is 
a useful indicator of general "condition". It is possible for a tissue 
to have quite variable ATP/ADP ratios but nonetheless to maintain a constant 
r adenylate energy charge. 
The adenylate energy charge, originally conceived by Atkinson 
and Walton (1967), is expressed as 
[ATP+ l/2ADP] 
[ATP + ADP + AMP] 
and is a measure of the relative amount of energy stored in the adenylate 
system. Stabilisation of this system is considered to be essential to the 
maintenance of a balance between anabolic and catabolic processes, i.e. 
metabolic homeostasis (Atkinson, 1971). This energy charge has been pro-
posed as a fundamental control parameter affecting the activity of regulatory 
enzymes in anabolic and catabolic sequences, e.g. citrate cleavage enzyme, 
phosphofructokinase (Atkinson and Walton, 1967; Shen, Fall, Walton and 
Atkinson, 1968), and it has been shown for E. coli that growth only occurs 
when the charge is O. 8, that viability is maintained between O. 5 and O. 8 
and that death occurs below O .5 (Chapman, Fall and Atkinson, 1971). A 
survey of the energy charges in a large number of organisms and tissues 
from the literature showed that animal tissues maintained a charge arc,und 
0.85, plant tissues generally were lower, and microorganisms showed con-
siderable variation depending on culture conditions (Chapman et al., 1971). 
The components of the adenylate system were measured in M. expClYl.,Sa 
under aerobic and anaerobic conditions, in the presence and absence of 
glucose. The results are presented in Table 3.8, expressed in terms of both 
ATP/ADP ratios and adenylate energy charge. The means of these parameters 
I 
Table 3.7 Excretion of Lactate and Succinate 
(i) Lactate Aerobic Anaerobic 
No glucose added I 60.4 39.7 
II 52.4 54.7 
III 50.S 65.9 
IV 34.1 67.1 
X = 49.3 56.8 
10 mM glucose added V 57.3 71.3 
VI 62.9 67.3 
VII 37.7 34.4 
VIII 52.0 65.9 
IX 54.1 56.4 
X 52.8 59.1 
(ii) Succinate 
No glucose added I 77.2 88.7 
II 81.3 88.2 
III 72.0 65.8 
IV 60.0 92.1 
X = 72.6 83.7 
10 mM glucose added V 85.5 85.8 
VI 9 3 .1 - 88.1 
VII 86 .1 74. 2 
VIII 80.4 76.5 
IX 81.7 87.S 
X = 85. 4 82.4 
Figures are% of total lactate or succinate present in scoleces after 
30 mins at 37°. 
Table 3.8 Adenylate Energy Charges and ATP/ADP Ratios 
(i) Adenylate Energy Charges 
No glucose 
10 mM glucose 
(ii) ATP/ADP Ratios 
No glucose 
10 mM glucose 
Aerobic 
0. 72 ± 0.05 (7) 
0. 75 + 0. 04 ( 3) 
1.63 ± 0.38 (7) 
1.66 ± 0.47 (3) 
Anaerobic 
0 . 70 + 0. 06 ( 7) 
0.76 ± 0.02 (4) 
1 . 5 7 + 0 . 45 ( 7) 
1 . 6 7 + 0. 16 ( 4) 
Figures in parentheses refer to the number of determinations. Each deter-
mination used 10 scoleces, pooled. 
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were calculated for all experiments in which the nucleotides were measured. 
Adenylate energy charge does not vary significantly in the 
presence or absence of glucose or oxygen. The range of values was from 
0.62 to 0.80, with an overall mean of 0.73. ATP/ADP ratios do not vary 
significantly under the experimental conditions, either, though a greater 
variation between batches of worms was observed. The range of values was 
from 1.04 to 2.32, with an overall mean of 1.62. The assay for ADP also 
determines GDP and IDP, but the hexokinase assay for ATP does not estimate 
GTP or ITP, so this ratio may in fact be higher than is apparent, if sub-
stantial levels of GDP or IDP are present. 
Table 3.9 lists values obtained from the literature of the 
adenylate energy charge and ATP/ADP ratios from several other helminth 
species. The values for M. expansa compare favourably with these determin-
ations. A. lwrbricoid.es muscle approaches the levels found in aerobic 
tissues for ATP/ADP ratios. An apparent difference between aerobic and 
anaerobic measurements in F. hepatica may be present, but a direct com-
parison is required to confirm this. 
It is clear from these data that the steady-state energy levels 
in M. expansa scoleces are not significantly changed by the presence or 
absence of high concentrations of oxygen. The levels of the ATP/ADP ratio 
and the adenylate energy charge also suggest that the worms are in healthy 
condition during the incubations. Moribund worms, stressed by incubation 
in hypotonic medium, showed adeny 1 ate energy charges of O. 4 2 ( 2.naerobic) 
and 0.50 (aerobic). 
(c) Crossover Studies 
Aerobic and anaerobic metabolism in M. expansa scoleces is 
characterised by the following features: 
(i) a slight Pasteur effect 
(ii) a depression of lactate formation aerobically 
(iii) no change in steady-state energy levels. 
Differences in steady-state metabolite levels under the two conditions 
were investigated to identify enzymes possibly responsible for these effects. 
Two series of aerobic/anaerobic comparisons were performed, 
one set in the presence, and the other in the absence of 10 mM glucose. 
The mean intermediate levels for the comparisons have already been pre-
sented in Table 3.4 and individual experiments are detailed i n Appendix IV. 
I 
i' 
Table 3.9 Adenylate Energy Charges and ATP/ADP Ratios in Helminths 
Species 
(i) Adenylate Energy Charges 
A. l wrb ri coi des, muscle 
F. hepatica, adults 
H. dirrrinuta, adults 
(ii) ATP/ ADP Ratios 
A. lurrbricoides, muscle 
F. hepatica, adults 
H. dirrrinuta, adults 
(1) Barrett and Beis, 1973c. 
(2) Metzger and Dtiwel, 1973. 
= not tested. 
Anaerobic Aerobic 
0.86 (1) 
0.61 (1) 0.77 (2) 
0. 71 (1) 
3.50 (1) 
1.27 ( 1) 2.1 (2) 
1. 39 (1) 
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Fig. 3.3 is a crossover diagram of a comparison of the means 
of intermediate levels in aerobic and anaerobic metabolism in the absence 
of added glucose. The anaerobic condition is presented as the "control". 
Four crossovers are observed. The first, at hexokinase, is probably not 
significant, since lower glucose pools were not consistently observed 
aerobically, and,because a significant contribution to the pathway from 
glycogen into G6P is considered likely, the glucose pool may not play a 
part in limiting aerobic flux. 
The second crossover is observed at PFK, where an increase in 
the substrate, F6P, is associated, in each case, with a decrease in total 
flux through the pathway, as measured by the production of succinate and 
lactate. Hence, PFK activity appears to be decreased under aerobic conditions. 
This enzyme is probably not rate-limiting, however, because another cross-
over is observed later in the pathway. 
Variations in the levels of FDP, DHAP and G3P are not consistent 
between experiments, but the increase in 3PGA, 2PGA and PEP levels was con-
sistent in each case. 3PGA and 2PGA are linked to PEP by equilibrium 
enzymes, so the changes in these pools probably reflect changes in the PEP 
pool. Interpretation of changes in the PEP pool is complicated by the 
fact that two enzymes act at this site and that the product of one of them, 
OAA, could not be measured. But the changes observed at this crossover 
were consistent, so hypotheses can be constructed to interpret them. 
An inhibition probably occurs at this branchpoint under aerobic 
conditions, because the rise in PEP concentration is associated with a de-
crease in output through both pathways. Pyruvate kinase is most likely to 
have decreased in activity, since the levels of both lactate and pyruvate 
decrease significantly aerobically. 
Any regulation of the pathway to succinate is more difficult 
to assess, because measurement of all the intermediates was not possible, 
and also because a mitochondrial component is present. In most experiments, 
though not in all the crossover experiments, a slight decrease in succinate 
production was observed aerobically. In every experiment performed, 
malate levels rose by about 75% under aerobic conditions. The implications 
of these observations will be discussed in greater detail below. 
Fig. 3.4 is a crossover diagram of the changes observed in 
the means when 10 mM glucose was added to the medium. The results ,-1ere 
more regular, and all the effects observed were consistent except that a 
decrease in succinate production was more common than the apparent "no 
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change" seen in the diagram. The apparent crossover at PFK has disappeared, 
which indicates that any change in rate of flux under aerobic and anaerobic 
conditions is not due to PFK when sufficient levels of substrate are pro-
vided. The effect at PEP is the same, and this effect can be considered 
to be the major result of a change to aerobic conditions. 
3.7 Conclusions 
Three enzymes or enzyme systems are implicated in regulation 
of production of lactate and succinate under aerobic and anaerobic con-
ditions. 
Phosphofructokinase is probably involved in controlling flux 
through the system under conditions where there is variation in the amount 
of glucose available. It does not appear to play a part in limiting the 
flux through the pathway under experimental aerobic or anaerobic conditions, 
however. When glucose was not supplied, comparison of aerobic with anaerobic 
metabolism suggested that the rate of flux was controlled at or beyond the 
PEP branchpoint, and that PFK was not limiting the supply of carbon to the 
PEP pool, though earlier regulation in the supply of G6P from glycogen has 
not been ruled out. PFK activity may influence the PEP branchpoint, however, 
because its product, FDP, has been shown to activate pyruvate kinase in 
M. expansa (Bryant, 1972b). Some of the regulatory properties of PFK in 
vitro were therefore examined, both to determine possibilities for regulation 
and to compare the regulatory properties of PFK from M. expa:nsa with those 
from other species (Ch. IV). 
Pyruvate kinase has been shown to have decreased activity under 
aerobic conditions, resulting in a lower production of lactate. This 
enzyme has already been shown to have regulatory properties in vitro; it 
is inhibited by malate and activated by FDP (Bryant, 1972a), and also inhib-
ited by high levels of ATP (Bryant, unpublished results). 
The aerobic-anaerobic comparisons also showed a.."'1 "effect" on 
the PEP-succinate pathway, notably a significant increase in the levels 
of malate and a slight decrease in succinate production aerobically. Since 
the supply of PEP is not apparently limited aerobically, there must be an 
effect on one or more of the enzymes of the pathway, or possibly, a com-
partition effect. The most likely enzyme to be affected is the first one 
after the branchpoint, PEPCK. This enzyme was therefore investigated for 
regulatory properties (Ch. V). 
CHAPTER IV: SOME PROPERTIES OF PHOSPHOFRUCTOKINASE 
4.1 Phosphofructokinase and the Control of Glycolysis 
Cori and Cori in 1936 observed in muscle tissue under certain 
experimental conditions that hexosemonophosphate accumulated while FDP 
levels remained low and little lactate was formed. Cori (1942) concluded 
from this that the PFK reaction was a rate-limiting step in the formation 
of lactate. Analysis of changes in intermediate levels has implicated PFK 
in the control of the Pasteur effect in yeast (Lynen, Hartmann, Netter and 
Schuegrat, 1959), heart and diaphragm (Newsholme a~d Randle, 1961a, b; 
Regen, Davis, Morgan and Park, 1964), liver,Novikoff hepatoma and adeno-
carcinomas (Wu, 1964), and mammalian brain (Lowry, Passonneau, Hasselberger 
and Schulz, 1964). 
PFK is an allosteric enzyme which is subject to modulation by 
a large number of effectors, including both of its substrates and both 
products. Lardy and Parks (1956) discovered that rabbit muscle PFK was 
inhibited by ATP when it is present in molar concentrations above those 
of Mg++. Mansour and Mansour (1962) showed that PFK from F. hepatica is 
inhibited by ATP at molar concentrations considerably below those of Mg++. 
This has now been observed in PFK from every species investigated (Mansour, 
1972) except the enzymes from the cellular slime mould, Dictyostelium 
discoideum (Baumann and Wright, 1968), and E. coli (Blangy, Bue and Monod, 
1968) . 
In all species investigated, the enzyme exhibits sigmoidal 
kinetics with respect to its second substrate, F6P, at pH's below about 
7.5. At pH 8, Michaelis-Menten kinetics are obse;:-ved (e.g. Mansour and 
Ahlfors, 1968), and ATP is not inhibitory. There are two types of binding 
site for ATP, catalytic and allosteric (Ahlfors and ~1ansour, 1969), and at 
pH 8 the enzyme is incapable of binding ATP at its allosteric sites 
(Lorenson and Mansour, 1969). There are also two types of binding site 
for F6P, "high" and "low"-affinity, but co-operativity in binding is only 
observed in the presence of ATP (Setlow and Mansour, 1972). Both these 
. F6P sites also bind FOP, and, in this case, it appears that one is the 
catalytic site and the other the allosteric (El-Badry, Otani and Mansour, 
1973). In the case of F6P, interpretation of the role of each site is less 
clear. ATP has the effect of decreasing the affinity of the enzyme for 
F6P such that the sigmoidal nature of the F6P saturation curve becomes more 
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pronounced at higher ATP concentrations. 
PFK from F. hepatica was found to be activated by 3',5'-(cyclic)-
AMP (cAMP) by dansour and Mansour (1962); this was shown to be the case 
for the enzyme from many species. Other activators of the enzyme are AMP, 
ADP, F6P, FDP, inorganic phosphate (Pi), and NH4 ions. The effect of 
these activators is to relieve ATP inhibition wholly or partially, by in-
creasing the affinity of the enzyme for F6P. In some cases, an activating 
effect in the absence of apparently inhibiting concentrations of ATP has 
been observed (e.g. Passonneau and Lowry, 1962a, b). To the catalogue of 
effectors was later added the inhibitor citrate (Parmeggiani and Bowman, 
1963; Garland, Randle and Newsholme, 1963; Passonneau and Lowry, 1963). 
Other inhibitors are 3PGA, 2PGA, PEP and phosphocreatine (Krzanowski and 
Matschinsky, 1969). These inhibitors act by decreasing the affinity of 
the enzyme for F6P. 
These effects have been reviewed by Mansour (1970, 1972), 
who noted that enzymes from different mammalian sources have similar 
susceptibilities to these effectors, but that the results may be quantit-
atively different. Slightly different properties are present 1n PFK from 
microorganisms and plants. For example, E. coli PFK is not inhibited by 
ATP, but is inhibited by ADP which competes with ATP; citrate does not 
inhibit, but PEP is a powerful inhibitor (Blangy et al., 1968). The 
enzymes from E. coli and yeast are activated by AMP, but not cAMP 
(Atkinson and l al ton, 1965; Rarnaiah, Hathaway and Atkinson, 1964; 
Vinuela, Salas, Salas and Sols, 1964). 
Another possible mechanism for control of PFK activity is its 
property of association and dissociation into active and inactive subunits 
(see Mansour, 1972). The configuration of the enzyme is controlled by pH, 
the presence of ligands and the concentration of the enzyme. A pH around 
~ 
6 reduces the activity of heart PFK to about 10% of maximal (Mansour, 1965) 
~~d this is irreversible if the enzyme concentration is low. At high 
enzyme concentrations, reassociation to the higher molecular weight, active 
native enzyme can be achieved by incubation at pH 8. The process 1s en-
hanced by the presence of ATP, ADP, cMW, F6P or FDP (Mansour and Ahlfors, 
1968). Similar processes have been described for skeletal muscle PFK 
(Paetkau and Lardy, 1967; Alpers, Paulus and Bazylewicz, 1971; Aaronson 
and Frieden, 1972; Pavelich and Hammes, 1973). 
The enzyme is also found in very highly aggregated forms, and 
it has been shown that diffe~ent substrates have different effects on the 
( 
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aggregation state. For example, at low pH, ATP tends to favour formation 
of the 7S, inactive, subunit, while F6P or FDP favour aggregation to the 
active 14S subunit (Mansour, Wakid and Sprouse, 1966). Regulation of the 
aggregation state of PFK, in addition to its allosteric regulation, may 
therefore occur (Frieden, 1968), and may be a method of changing the con-
centration of active enzyme in the cell. 
The possible role of PFK in the control of the rate of muscle 
glycolysis, and the evidence for it, has been reviewed by Newsholme (1970). 
Changes in adenine nucleotide concentrations and in Pi are thought to be 
responsible for the activation of PFK during anoxia. ATP levels decrease 
during anoxia, but Newsholme has noted that modulation of PFK by ATP is 
an inefficient process. The large decrease in ATP concentration required 
to deinhibit PFK would result in a significant loss in energy transfer 
efficiency for energy-consuming reactions, because the change in free 
energy of ATP hydrolysis decreases with decreasing ATP/ADP ratios. A more 
effective regulator, which is coupled to changes in ATP levels, is AMP 
(Krebs, 1964). Adenylate kinase is thought to maintain an equilibrium 
between ATP, ADP and AMP. A relatively small decrease in the ATP concen-
tration could result in an amplified increase in AMP, which could serve 
to deinhibit PFK. Deinhibition of PFK results in a greater usage of G6P 
and a consequent deinhibition of hexokinase. A greater usage of glucose 
results. The increased AMP levels and the increase in Pi, as well as the 
decrease in G6P concentration could also increase the activity of glycogen 
phosphorylase b, resulting in increased glycogenolysis and henc~ an increase 
in energy production. When energy demands decline, ATP concentrations rise, 
AMP levels decline, and the sequence is reversed. 
This hypothesis must also take account of the presence of FDPase 
,· in a variety of muscles (Newsholme and Crabtree, 1970), where its activity 
may be as high as 10% of the PFK activity. The re gulatory properties of 
muscle FOPase are similar to those of the enzyme from liver or kidney cortex, 
in that it is inhibited by both AMP and FOP, but since it may not be in-
volved in gluconeogenesis, it is likely to have a different function. 
Newsholme and Gevers (1967) and Newsholme and Crabtree (1970) have sug-
gested that the PFK-FOPase cycle may function in muscle as a sensitive 
amplification system for PFK. Under conditions of low energy demand, AMP 
.levels are low and FOPase partially recycles FOP so that the glycolytic 
rate is relatively low. An increased energy demand in the muscle gives 
rise to increased AMP levels, which function both to activate PFK and _in-
hibit FOPase. Substantially increased FOP levels augment the FDPase inhib-
ition and further activate PFK. Consequently, the rate of glycolysls could 
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be increased to a greater extent than if PFK alone were activated. Hence, 
a functional role of FDPase in muscle could be to catalyse _this energy-
consuming amplification system. 
In liver and kidney cortex, where gluconeogenesis takes place, 
regulation of FDPase and PFK must be more complex. PFK from these tissues 
has properties qualitatively similar to the enzymes from other tissues 
(Underwood and Newsholme, 1965b, c), though rabbit liver PFK, at least, is 
more sensitive to ATP inhibition and is less activated by AMP than muscle 
PFK (Kemp, 1971). This may reflect a lower tolerance of anaerobic con-
ditions in the liver. 
Liver and kidney FDPase possesses properties complementary to 
those of PFK. The enzyme is inhibited by AMP and also by moderate con-
centrations of its substrate, FDP (Taketa and Pogell, 1963; Underwood and 
Newsholme, 1965a, b). A reciprocal form of modulation of the enzymes seems 
likely if they are located in the same sub-cellular compartment. Several 
interesting hypotheses have been suggested. 
Start and Newsholme (1970) and Greenbaum, Gumaa and McLean 
(1971) have noted that, while there is no good correlation between levels 
of cAMP, AMP, ATP, FDP, citrate or ATP/ADPxPi and changes of glycolytic 
flux in the liver, there is good correlation with changes in F6P levels. 
Two suggestions for control have been made by Gumaa et al. (1971): 
(i) A fall in F6P levels resulting from starvation would re-
duce PFK activity; lower levels of FDP would permit FDPase 
activity and would also reduce the activity of pyruvate 
kinase. A lower concentration of F6P could reduce the 
Ki of PFK for citrate and allow normal tissue concentrations 
to be inhibitory. Consequently, the glucokinase system, 
and hence the concentrations of glucose and insulin, may 
regulate glycolytic flux by regulating the supply of F6P. 
(ii) PFK activity could also be modulated by the concentration 
of F6P acting on the affinity of the enzyme for the inhib-
itor, ATP, and the activator, cAMP: increased levels of 
F6P decrease the affinity for ATP and increase the affinity 
for cAMP. This serves to increase PFK activity and the 
removal of c.Ai-W from the cytosolic pool may decrease 
stimulation of gluconeogenesis. 
These suggestions by no means exhaust the possibilities. The 
control of glycolysis in li\er and kidney cortex has not received the same 
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attention as that in muscle and is complicated by several compartition 
problems. Levels of modulators in gluconeogenic tissue may not change in 
absolute concentration under different states of glycolytic flux, but 
they may merely show a different intracellular distribution, as is suggested 
in the two hypotheses outlined above. Alternatively, a true intracellular 
compartition may be present such that the majority or minority of measured 
effectors may or may not be in contact with the regulatory enzymes; hence, 
a small change in one compartment may not be recognised. Also, a higher 
level of compartition is present in liver tissue. Two major cell types 
are found (see e.g. Crisp and Pogson, 1972). Parenchymal cells contain 
both FDPase and G6Pase and can undergo both glycolysis and gluconeogenesis, 
whi le the non-parenchymal cells possess only FDPase and do not have a 
gluconeogenic function. Thus, detection of small changes in intermediate 
or effector levels in one cell type may be masked by the concentrations 
present in the other. 
4 .2 Phosphofructokinase in Helminths 
Very little information is available on PFK from helminths, 
though what data there are suggest that the enzyme has properties similar 
to the mammalian enzyme. 
PFK has been found in every species where glycolytic enzymes 
have been assayed, e.g. F. hepatica ( Iansour, 1962; Prichard and Schofield, 
1968a), D. dendriticv.m (Kohler , 1972; Kohler and Hanselmann, 1973), 
S . mansoni (Mansour and Bueding , 1954), H. contortus larvae (Ward and 
Schofield , 1967a), A. li./.!T!Dricoides muscle (Mansour and Mansour, 1962; Barrett 
and Beis, 1973b) and Tae nia pisiformis (Mansour and t.1ansour, 1962). 
Bueding and 1ansour (1957), working with PFK in homogenates 
of adult S . mansoni, found apparent Km's of 0.4 mM for F6P, 0.3 mM for ATP 
and 0.9 mM for Mg++. High concentrations of ATP inhibited the enzyme. 
This \ ork was extended by Bueding and Fisher ( 1966), who noted that 3 rnf'.1 
F6P and 1.25 Till~ ATP gave optimal activity and ATP became inhibitory at 
concentrations above 2.0 mM; higher F6P concentrations antagonised this 
inhibition , and an increase in the ATP concentration caused a decrease in 
the enzyme's affinity for F6P. Both H4 and Pi were shO\,;n to stimulate 
activity at inhibitory ATP concentrations; much less stimulation was ob-
served when ATP was not present at inhibitory levels. ADP had only a 
slight stimulatory effec~. o synergistic effects were obse rved and all 
the activators increased the enzyme's affinity for F6P. High concentrations 
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of citrate (1-2 mM) were inhibitory, but this was reversed by increasing 
the concentration of Mg++. 
PFK from F. hepatica homogenates shows sigmoid kinetics with 
F6P; the curve becomes hyperbolic when cAMP is present ( lansour, 1962). 
ca++ and 5-hydroxytryptamine (serotonin) were shown to stimulate PFK 
activity when a heavy particulate fraction was present. 0.1 mM cAMP 
activated the enzyme in inverse proportion to the concentration of F6P and 
delayed the onset of ATP inhibition from 1.5 mM to 3 mM ATP. The following 
nucleotides had no modulating effect on the enzyme: AMP, ADP, GTP, UDP, 
UTP, CDP and CTP. The enzymes from S. mansoni and T. pisiformis were also 
activated by cAMP; that from A. lumbricoides showed less activation (Mansour 
and Mansour, 1962) . 
The only other PFK investigated in helminths is that from 
D. dend.riticum. A partially purified preparation was shown to be inhibited 
by ATP at concentrations above 0.75 mM. This inhibition was delayed to 
beyond 1 mM by 8 mM AMP and the maximal rate was increased by 10% (K~hler 
and Hanselmann, 1973). 
The aims of the work in this thesis on PFK from M. expansa 
were to examine the basic catalytic properties of the enzyme with respect 
to its substrates and products, in a search for the type of allosteric 
regulation observed in mammalian and other helminth PFK' s. A search for 
other effectors was also initiated. 
4.3 Preparation of PFK from M. expansa 
PFK is a notoriously unstable enzyme in vitro, particularly 
in crude tissue preparations. It is rapidly inactivated at mildly acidic 
pH, by low protein concentrations and by the abse~ce of such ligands as 
ATP, F6P or FOP. The enzyme is most stable at around pH 8, in high protein 
concentrations, and in the presence of added substrates or activators (see 
e.g. Mansour and Ahlfors, 1968). 
No attempt was made in this work to purify PFK from M. expansa. 
The strategy behind the procedure for partial purification was to separate 
the enzyme from interfering FDPase and aldolase activities, to desalt the 
preparation, and to stabilise the enzyme sufficiently to allow storage at 
4° for several days. (NH4)2S04 treatment was found successful in separating 
PFK from the two interfering enzymes: PFK precipitates betwe en 35 and 45% 
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saturation, while FDPase is found mainly in the 20-35 % fraction and aldolase 
precipitates between 60 and 80%. This treatment also separated a non-
specific dehydrogenase activity from the PFK fraction and (NH4)2S04 was 
found to increase the stability of the enzyme. 
(i) Extraction 
20-30 g of freshly-collected and rinsed scoleces were homogenised 
1:1 1n 0.1 M triethanolamine-HCl-NaOH buffer, pH 8.0, containing 1 mM EDTA 
and 0.1 M (NH4)2s04 , at 0-2°, in an all-glass Dounce-type homogeniser. 
Both EDTA and (NH4) 2s04 were found to increase recovery substantially. 
Addition of 1 mM KF or FDP was not as effective. The homogenate was centri-
fuged at 40,000 g for 15 rnins. 
(ii) (NH4) 2S04 Fractionation 
To the supernatant was added sufficient solid (NH4)2S04 to 
I· bring the solution to 25% saturation at 0°. The pH was adjusted to 8.0 
with 2 N NaOH as required. The solution was stirred gently on ice for 2 
hrs, and the precipitate was removed by centrifugation at 40,000 g for 20 
m1ns. The procedure was repeated for 35%, then 45% saturation; the 35-45% 
fraction was left stirring overnight. The latter precipitate, which con-
tained the majority of the PFK activity, was recovered by centrifugation 
and redissolved in 3 rnls 0.1 M triethanolamine-HCl-NaOH buffer, pH 8.0, 
containing 1 mM MgCl2 and 0.1 M (NH4)2S04. The solution was applied to a 
Sephadex G-25 (coarse) column (25 x 1.6 cm) equilibrated at 4° with the 
same buffer solution. The void volume was collected and brought to 30% 
sa~uration with (NH4) 2S04 and then 50% saturation as above. The fraction 
precipitating at 30-50% was collected by centrifugation and either stored 
as a suspension in SO% ( H4)2S04 at 4°, or redissolved in 2 ~ls of assay 
buffer and used immediately. As a suspension, the enzyme lost about 40% 
of its activity in 7 days. In solution in the as say buffer, about 50% of 
the activity was lost in 5-6 hrs. 
Two methods of removal of (NH4)2S04 from the final preparation 
were attempted. Both ,\·ere unsuccessful due to the apparent instability 
of the enzyme at low protein concentrations when (NH4)2S04 is absent. 
(a) Dialysis tubing (Visking 8/32) was boiled in 10 mM EDTA 
for 1 hr and washed in several changes of glass distilled 
water overnight. The pellet from the final precipitation 
step ~as redissolved in 4 mls 0.1 M triethanolamine-HCl-NaOH, 
(b) 
58 
pH 8.0, containing 1 mM EDTA and 1 rnM F6P, and 2 mls were 
dialysed against 2 changes of the same buffer for 3 hrs 
at 4°. A sample of the preparation was assayed immediately, 
and a sample was allowed to stand at 4° for 3 hrs. 1 ml 
of the preparation was deproteinised immediately with 
concentrated HCl04 and a neutralised extract was prepared 
as described in Ch. III. The results of the assays are 
shown in Fig. 4.1. Addition of deproteinised extract up 
to Sx initial concentration to the dialysed preparation 
had no effect on activity. Considerable activity is lost 
on standing for 3 hrs, but proportionately much more is 
lost on dialysis, probably due to dilution. The graph 
also shows a non-linear response to protein concentration 
in the activity of the two undialysed extracts: concave 
curvature indicates a facilitate d activity at higher con-
centrations. Addition of BSA at 5 mg/ml to the extract 
before dialysis resulted in a greater recovery of activity 
but the final activity was not sufficient for experimental 
use and dialysis was not employed for desalting. 
A Sephadex G-25 (coarse) column (20 x 0.9 cm) was equili-
brated with 0.1 M triethanolamine-HCl-NaOH, pH 8.0, con-
taining 1 rnM EDTA and 0.1 mM ATP at 4°. The pellet from 
the final precipitation was dissolved in 2 mls of the 
same buffer and applied to the column. The volume of the 
void fraction was 6 mls and resultant enzyme activity was 
negligible, du~ presumably, to dilution. 
The method finally used for removal of (NH4) 2S04 ,,,as a com-
f pTomise to avoid dilution of the preparation. The pellet from the final 
precipitation was dissolved in 2 mls 0.1 M triethanolamine-HCl-NaOH, pH 8.0, 
containing 1 mM EDTA and FOP. This was applied to 2 "Minicon" A-25 macro-
solute concentrators (Amicon), each of O. 75 ml volume, and washed twice 
with the same buffer after 2x concentration was reached. Greater concentration, 
and therefore more efficient washing, was not possible because of the high 
protein concentrations present. The final concentrated sample was made up 
to a final volume of 2 mls. The treatment lasted about 45 mins at 4° and 
the final NH4 concentration was variable but within the range 30 to below 
5 nmoles/ml (determined on deproteinised samples using Nessler's reagent). 
This would bring the final NH4 concentration in the assays to below 0.3 µM 
and ,vas sufficient to show a change in response of PFK to ATP and A.t\1P. 
2.5 
2.0 
C 
·-E 1.5 
........ 
en 
Q.) 
0 
E 1.0 C 
0.5 
0 
0 
Fig. 4.1 EFFECTS OF PROTEIN CONCENTRATION, DIALYSIS, 
AND STORAGE ON PFK ACTIVITY 
• 
• 
I 0 
• 
./ ..... 
.,,~"'H •• ·-/ /0.- _ ... 
. -0 / 0-
100 300 500 
f-19 protein I ml 
•--• Undialysed 
o--o Stored for 3 hrs at 0° 
-- ,,. Dialysed for 3 hrs at 0° 
700 
l 
59 
The results of a typical preparation are given in Table 4.1. 
The enzyme was usually prepared in several batches using 20-30 g scoleces 
each day, and the final pellets obtained from several days' preparation 
were pooled before use. Loss of activity rendered it necessary to use the 
material within a week of preparation, and the pellets were desalted 
immediately before use. 
Table 4.1 Partial Purification of PFK: A Typical Preparation 
Total unitsa Total mg Units/mg protein protein 
Initial:26 g scoleces 
1st supernatant 4.51 754 0.006 
1st (NH4 ) 2SO4 pellet 3.86 4 7 .6 0.081 
Sephadex G-25 eluate 3.27 44.2 0.074 
2nd ( H4)2SO4 pellet 3.19 26.0 0.123 
Desalted preparation 3.02 25.0 0.121 
a one unit lS 1 µmole substrate utilised/min/mg protein at 25°. 
4.4 Assay Methods 
PFK was assayed spectrophotometrically at 25° by a development 
of the method of Racker (1947) with concentrations of substrates adjusted 
according to requirements for the enzyme from M. expcrn~a. Oxidation of 
NADH was followed at 340 nm in a Gilford 2400 recording spectrophotometer 
with a light path of 1 cm. The initial reaction rates were meas ured using 
~ 
the protractor method of Henderson (1971), and simultaneous tests in tri-
plicate were performed. Enzyme activity is expressed as nmoles or µmoles 
substrate utilised(= 0.5 x nmoles NADH oxidised)/min/mg protein at 25°. 
Protein was determined by the method of Lowry et al. (1951), using BSA as 
a standard. 
The routine reaction mixture contained: 0 .1 1  triethanolamine-
HCl-NaOH buffer, pH 8. 0 or 7. 0, with 1 m\1 EGTA and with or without O. 1 M 
(NH4)2SO4, 1.5 mls; NADH 0.1 lJU'vf; MgC1 2 5 mM; F6P 3 mM; ATP 0.1 or 0.2 m\1; 
glycerol 3-phosphate dehydrogenase S µg ; triose-phosphate isomerase 1 µg; 
aldolase 20 µg; distilled water to a final volume of 2 mls . Plastic 3 ml 
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cuvettes were used. A large supply of these allowe d a series of assays 
to be performed very rapidly, usually within 45 mins for a given test, so 
that loss of activity during a series was negligible. 
The enzyme preparation was always preincubated for 5 m1ns at 
room temperature with all the constituents of the reaction mixture except 
ATP, which was used to start the reaction. Activity under these circum-
stances was linear, after a lag of 1 min, for about 5 mins, after which a 
slight increase was often noted. The "initial" reaction rate was measured 
during the 2nd-5th mins after addition of ATP. 
Coupling enzymes for the assay were used without desalting 
when "excess" (NH4) 2so4 was to be present. The activities of these 
enzymes were regularly checked to ensure that they were not rate-limiting. 
When tests were to be performed in the absence of (NH4) 2S04, the coupling 
enzymes were desalted as follows. A mixture of the enzymes in the following 
proportions (by protein) was prepared: 1 triose-phosphate isomerase: 5 
glycerol 3-phosphate dehydrogenase: 20 aldolase. The mixture was centri-
fuged at 40,000 g for 30 mins at 2° and the pellet resuspended in 1-2 rnls 
0.05 M triethanolamine-HCl-NaOH, pH 7.2. This was applied to a Sephadex 
G-25 (coarse) column (0.9 x 20 cm), equilibrated at 4° with the same buffer, 
and eluted. The void fraction, usually 6 mls, was collected and used on 
the same day. The volume of eluate to be used in the assays was determined 
empirically on the day as Sx that volume which gave the maximum rate when 
PFK was assayed under optimal conditions. 
At attempt was made to assay PFK using an alternative coupling 
system with pyruvate kinase and LDH. This was unsuccessful because the 
addition of 0.2 m; I PEP required for the pyruvate kinase reaction caused 
considerable apparently non-specific oxidation of l ADH . This occurred 1n 
the absence of any added coupling enzymes or substrates except PEP and the 
PFK preparation and was presumably due to interfering activity present 1n 
the PFK preparation. Further purification of the preparation is evidently 
required to overcome this problem. This interference rendered it impossible 
to determine the effects of either PEP or FDP on the PFK preparation. 
4.5 Properties of PFK from M. expansa 
Apparent Km's and Vm's were calculate<l Dy the weighted regression 
method of Wilkinson (1961) using a Hewlett-Packard 9820 Calculator. Each 
test presented in a single graph was performed on the same batch of enzyme. 
The results are presented as the means of triplicates. All curves were 
"fitted" by inspection. 
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(i) pH Optimum 
Results of a determination of the pH profile of PFK are shown 
1n Fig. 4.2. Activity increases rapidly from pH 6.8 to 7.4, and forms a 
plateau between 7.4 and 8.0, with a sharp decline above 8.0. This is not 
greatly different from the pH profiles of mammalian PFK's which peak at 
pH 8.2 (Mansour, 1972). 
(ii) Effects of Mg++ and Mn++ 
Figs 4.3 and 4.4 show the effects of increasing concentrations 
of MgCl2 or MnSO4 on PFK activity at pH 8.0. The apparent Km's are 0.046 mM 
for MgCl2 and 0.029 mM for MnS04 . 2.5 mM MnS04 added to an assay mixture 
containing 2.5 mM MgCl2 did not change the enzyme activity. MnS04 at a 
concentration of 5 mM consistently showed a slight inhibitory effect. 
In neither case does the curve pass through the or1g1n. This 
suggests the presence of Mg++ or Mn++ in the system. Since the extracts 
were desalted with Sephadex G-25 and stored in the presence of EDTA, the 
cation must be either tightly bound to the enzyme, or present in contamin-
ating levels in one of the components of the reaction mixture. Alternatively, 
residual enzyme activity may be possible in the absence of a divalent cation. 
No cooperative effects are apparent for either Mg++ or Mn++. MgC1 2 was 
used at 5 mM in all subsequent tests of PFK. 
(iii) Effects of Fructose 6-Phosphate 
Tests of the effects of variation of F6P concentration were 
performed at pH 7.0 and 8.0 under different conditions of ATP concentration 
and in the presence and absence of "excess" (NH4) 2S04. Vm' s were calculated 
for each batch of enzyme at the pH at which it was tested and the apparent 
order of the reaction, n, and the So.5 were determined from Hill plots of 
the data (Monad, Wyman and Changeux, 1965) using the calculated apparent 
Vm's. n, the Hill coefficient, is an index of interaction or cooperativity 
between ligands. Three ATP concentrations were chosen that gave low, 
maximal and inhibited activities. The concentrations of ATP used were 
different for the tests in the presence and absence of excess (NH4)2S04 
because of the different effects of ATP under these two conditions. 
Figs. 4. 5 and 4. 6 show the effects of increasing F6P concen-
tration at the two pH's in the presence of excess ( "H4)2S04. The Hill co-
efficients, n, are represented on each curve. At pH 8.0 no positive 
cooperativity is evident, even at high ATP concentrations, because n 1s 
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1.0 or less. At pH 7.0 a slight cooperative interaction may occur; this 
is not changed by increasing concentrations of ATP. At both pH's the effect 
of high ATP concentrations is to depress the apparent maximal activity; 
this lS not reversed by F6P concentrations up to 5 mM . Table 4.2 shows 
the So.5 values for the two graphs. There lS no trend in the change with 
increasing ATP, but the apparent So.5 at pH 8.0 is higher than at pH 7.0. 
This may or may not be a true difference because the determinations were 
made on a separate batch of enzyme for each pH. Because of variability 
between batches, it was not possible to control specific activity. The 
cooperative effects of enzyme concentration on activity (Fig. 4.1) may 
quantitatively affect the responses · to substrates and ligands. 
Table 4.2 So.5 Values for Fructose 6-Phosphatea 
(i) With excess (NH4)2SO4 
0. 25 mM ATP 
1.0 mM ATP 
2.5 mM ATP 
(ii) Without (NH4)2SO4 
0.05 mM ATP 
0 .10 mM ATP 
0.25 mM ATP 
pH 7 .0 
0.30 
0.64 
0.50 
0.44 
0.84 
1.35 
pH 8.0 
0. 75 
1.07 
0. 72 
0.46 
0.63 
0.84 
a Values are in mM. They were derived from Hill plots of the data from 
Figs. 4.5 - 4.8. 
Quite different results are obtained in the absence of sub-
stantial levels of NH4, as shown in Figs. 4.7 and 4.8. Strong positive 
cooperativity is observed in each case. At pH 8.0 the Hill coefficient 
increases with increasing concentration of ATP, and the maximal rate is 
increased by high ATP concentrations when F6P levels are high. Increasing 
F6P levels appear to decrease the inhibitory effects of ATP and a "true" 
maximal rate for ATP as a substrate may be approached . From Table 4.2 it 
can be seen that the apparent So. 5 for F6P is significantly increased by 
increasing ATP concentration. The affinity of the enzyme for F6P is similar 
for both pH's at the lowest ATP concentration, but the So.sat pH 7.0 
shows a _greater increase at the higher ATP concentrations than 1s the case 
at pH 8. 0. 
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(iv) Effects of ATP 
The effects of variation in ATP concentration were tested at 
pH's 7.0 and 8.0, with three concentrations of F6P, in the presence and 
absence of excess (NH4)2S04. 
Figs. 4.9 and 4.10 show the effects observed when (NH4)2S04 
is present in excess, at pH 7.0 and 8.0, respectively. A weak inhibition 
is observed at each pH, beginning above an ATP concentration of 0.25 mM. 
Higher concentrations of F6P delay the onset of inhibition to above 0.5 mM. 
The inhibition is perhaps slightly more pronounced at pH 7.0, but variation 
between batches of enzyme could also account for this difference. 
Apparent Km's were calculated from these data using the activity 
values before onset of inhibition. These are presented in Table 4.3. 
Table 4.3 Apparent Km's for ATP in the Presence of Excess (NH4)2S04 . 
0.25 rnM F6P 
0.50 mM F6P 
1.0 rnM F6P 
Values are in mM ± S.D. 
pH 7.0 
0.027 + 0.006 
0.019 + 0.003 
0.023 + 0.004 
pH 8.0 
0.036 + 0.009 
0.059 ± 0.010 
0.058 + 0.009 
There is no significant effect of increasing F6P up to 1.0 rnM on the affinity 
for ATP at either pH. The Km for ATP may be slightly higher at pH 8.0 than 
7.0. 
When (NH4)2S04 is removed, the effects of increasing ATP levels 
on PFK are dramatic. These are presented in Figs. 4.11 and 4.12. Sigmoid 
inhibition occurs at very low ATP concentrations at pH 7.0, beginning above 
0.05 - 0.10 mM, and increasing F6P concentrations have the effect of both 
delaying the onset of inhibition and increasing the maximal activity. In-
sufficient values are available in the low concentration range for a 
determination of apparent Km, but the enzyme's affinity for ATP, from the 
shape of the curve, appears to be greater when (NH4)2S04 is absent. A 
significant inhibition by ATP is also observed at pH 8.0, but the onset of 
inhibition is delayed to 0.10 - 0.25 mM and the rate of descent of the curve 
is not so great. The affinity for ATP appears to be lower than at pH 7.0. 
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(v) Effects of GTP and ITP 
A comparison of the abilities of GTP and ITP to act as sub-
strate and inhibitor for PFK is presented in Figs. 4.13 and 4.14. The 
tests were performed at pH's 7.0 and 8.0 in the presence of excess ( H4)2S04. 
It is clear that only ATP has an inhibitory effect, and that the highest 
maximal activity is achieved with ITP. The apparent Km's calculated for 
these data are given in Table 4.4. 
Table 4.4 Apparent Km's for ATP, ITP and GTPa 
a 
ATP 
ITP 
GTP 
Values are in mM + S.D. 
pH 7 .0 
0.022±0.003 
0.054±0.014 
0.029±0.006 
pH 8.0 
0.056±0.009 
0.110±0.012 
0.015±0.003 
While the enzyme has a similar (pH 7.0) or apparently higher (pH 8.0) 
affinity for GTP, the maximal activity is significantly lm•,er than with 
ATP or ITP. The converse is the case with ITP. 
It is evident from these data that, while all three nucleoside 
triphosphates can act as substrate for the PFK reaction, probably only ATP 
has a regulatory role. 
(vi) Other Effectors 
The following substances had no effec-t when tested at either 
pH 7.0 or 8.0 in the presence of excess ( 'H4)2S04, with 3.0 mM F6P, 5.0 mM 
MgCl2 and O. 25 mM ATP: ADP, AMP, cAMP, KCl and additional (NH4) 2S04. 
Each was tested at a concentration range of 0-5 md, except cAMP which was 
used at 0-0.5 rnM. 
Under the same conditions, CaCl2 had an inhibitory effect above 
1 mM, showing 40% inhibition at 2.5 mM. 
Only one effector was tested int· e absence of (\TH4)2S04. The 
effects of AMP on ATP-inhibited PFK at pH 7.0 are sho,\Tl 1n Fig . 4.15. The 
results are expressed as% of the activity of uninhibited PFK at an ATP 
concentration of 0.1 ml without added AMP. It is evident that ~\Wis a 
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powerful "deinhibitor" of ATP-inhibited PFK. Complete relief from inhib-
ition is not achieved, however, because the final activities at 3.0 rnM 
AMP are below those of uninhibited PFK (i.e. less than 100%), and the test 
with the highest level of ATP shows lower activity than those with lower 
ATP concentrations. This contrasts with the effects of F6P "deinhibition" 
(Fig. 4.7), but much lower ATP concentrations were used in the F6P test and 
the availability of ATP as a substrate may have been limiting the activity 
at the lowest ATP concentrations. 
AMP also activates "uninhibited" PFK when (NH4)2S04 is absent. 
At 0.1 mM ATP, the addition of 1 rnM AMP caused a 38% increase in activity. 
Under the same conditions, 0.5 rnM (NH4)2S04 caused a 43% increase in activity. 
4.6 Discussion 
Phosphofructokinase from M. expansa shows properties similar 
to the enzyme from mammalian and other helminth sources. F6P shows sigmoid 
kine ti cs with F6P and ATP decreases the apparent affinity for F6P. In-
creasing concentrations of F6P can relieve ATP inhibition to some extent, 
as can both (NH4)2S04 and AMP. (NH4)2S04 removes the sigmoid response to 
F6P. The enzyme can be activated by either AMP or (NH4)2S04 but the effects 
are not apparently synergistic. 
The presence of sigmoid kinetics for F6P and ATP inhibition 
at pH 8.0 represents a significant difference from what is observed in PFK 
from mammalian sources. This may be an indication of a more variable intra-
cellular pH in M. expansa, requiring a greater latitude in the response 
of PFK at higher pH's. Alternatively, different isozymes may be present 
which respond allosterically at different pH's. No study of PFK at pH 8.0 
in other helminths has been made, so the comparative aspects of this 
observation cannot be assessed. 
The concentration of ATP required to inhibit PFK from M. expansa 
is considerably 1 ower than that reported for other he l minths, but £al ls 
within the range observed for mammalian PFK's. This difference is probably 
due to a better preparation method for the enzyme for M. expansa., since 
the determinations in F. hepatica (Mansour and Mansour, 1962) and S. mansoni 
(Bueding and Fisher, 1966) were made on crude homogenates, and details of 
desalting are not provided in the publication on the partially purified 
preparation from D. dendr~ticum (Kohler and Hanselmann, 1973). The presence 
of activators and of enzymes metabolising ATP in these pr eparations could 
result in apparentl_ higher concentrations of ATP required for inhibition. 
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On the other hand, apparent affinities for F6P and optimal concentrations 
of this substrate are similar in M. expansa and S. mansoni, but not in 
F. hepatica, where the apparent Km for F6P and the optimal concentration 
are an· order of magnitude greater (S mM and 15 rnM, respectively, for this 
· species; Mansour and Mansour, 1962). 
Further work on PFK in M. expansa is required to assess the 
effects of other possible activators and inhibitors, e.g. cA.MP, Pi, ADP, 
PEP, FDP and possibly citrate, though this latter may not play a significant 
part in regulation in M. expansa. Study of some of these potential 
effectors must follow further purification of the preparation. 
The properties of FDPase from M. expansa also require investig-
ation, so that interaction at the PFK-FDPase cycle may be assessed. 
It can be concluded from this study that the possibilities 
exist in M. expansa for control of PFK activity similar to those found 1n 
mammalian tissues. Adenosine nucleotides have been implicated in regulation 
and none of the regulatory molecules found for mammalian PFK has been ex-
cluded, in this preliminary work, from playing a similar role in M. expansa. 
CHAPTER V: SOME PROPERTIES OF PHOSPHOENOLPYRUVATE CARBOXYKINASE 
5.1 Introduction 
PEPCK was first described from chicken liver by Utter and Kurahashi 
(1954). The enzyme was shown to be reversible and to catalyse not only the 
carboxylation of PEP and decarboxylation of OAA, but also a more rapid ex-
change of 14c between 14co2 and OM. IDP or GDP and ITP or GTP catalysed 
both the forward or reverse reactions more rapidly than ADP or ATP, and Mn++ 
was required for both OM synthesis and 14co2 exchange. Kurahashi, Penning-
ton and Utter (1957) showed that nucleoside diphosphokinase contamination 
of their preparation was responsible for any activity with the adenosine 
nucleotides, and that IDP gave slightly higher activity than GDP at high 
concentrations, but that GDP at low concentrations promoted higher activity 
than IDP. 
The enzyme has since been purified from a number of vertebrate 
sources, including pig liver mitochondria (Chang and Lane, 1966; Chang, 
Maruyama, Miller and Lane, 1966), rat brain mitochondria (Cheng and Cheng, 
1972), guinea pig mitochondria and cytosol (Holten and Nordlie, 1965), 
mouse liver cytosol (Rippe and Berry, 1973), rat liver cytosol (Ballard and 
Hanson, 1969) and chicken liver mitochondria (Felicioli, Barsacchi and Ipata, 
1970). PEPCK is found predominantly in the liver and kidney cortex, but 
low activities are also present in brain and various types of muscle (Keech 
and Utter, 1963; Opie and Newsholme, 1967; Nolte, Brdiczka and Pette, 
1972). The intracellular distribution of the enzyme varies between species. 
In rat, mouse or hamster liver, more than 90 % of total PEPCK activity is 
cytosolic (Nordlie and Lardy, 1963; Lardy, 1966; Ballard and Hanson~ 1967), 
whereas the activity is predominantly mitochondrial in rabbit (Nordlie and 
Lardy, 1963) and avian liver (Utter, 1959; Lardy, 1966; Gevers, 1967; 
Felicioli, Gabrielli and Rossi, 1967). In other species, e.g. guinea pigs 
(Nordlie and Lardy, 1963), sheep (Taylor, Wallace and Keech, 1971), cattle 
(Ballard, Hanson and Kronfeld, 1968), pigs (Swiatek, Chao, Chao, Cornblath 
and Tildon, 1970) and humans (Bre ch, Shrago and Wilken, 1970), the enzyme 
is distributed nearly equally between the mi tochondria and the cytosol in 
· the liver. 
PEPCK plays an i mport ant role in gluconeogenesis in vertebrates 
\,·here it serves in the synthe s i s of PEP fro m OAA , either in the cytosol or 
intramitochondrially. En zyme act i vity is under dietary and hormonal con-
l · 
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trol (see, e.g., Scrutton and Utter, 1968); starvation, diabetes or 
glucagon administration increases both gluconeogenesis and the activity 
of cytosolic PEPCK in the liver of all species so far examined. This in-
creased PEPCK activity is thought to be the result of increased enzyme 
synthesis and possibly a change in rate of degradation (Foster, Ray and 
Lardy, 1966). Activity of the mitochondrial enzyme does not change under 
these conditions. 
Subtle differences in properties have been found between 
mitochondrial and cytosolic PEPCK where these occur in the same tissues. 
Holten and Nordlie (1965) showed that the guinea pig liver enzymes had 
similar Km's for all substrates, but that the cytosolic enzyme had a 
narrower optimal pH range and was more active with Mn++ than with Mg++; 
the mitochondrial enzyme was more active with Mg++ in the decarboxylation 
reaction but required Mn++ in the carboxylation direction. In addition, 
the mitochondrial enzyme was inhibited by 1 .. 33 mM AMP, which competed with 
ITP or GTP. This inhibition was not observed with the cytosolic enzyme. 
In rat and guinea pig liver, developmental differences in location are 
seen; the foetal enzyme is mitochondrial, whereas the adult enzyme is 
mainly or partly cytosolic (Ballard and Hanson, 1967). Both the foetal 
and adult enzymes had similar catalytic properties. Later studies on adult 
rats showed the mitochondrial enzyme to differ immunochemically (Ballard 
and Hanson, 1969), and to possess two differences in catalytic properties 
(Ballard, 1970), viz . ., a lower Km for Mn++, and competitive inhibition with 
OAA by high concentrations of malate in the presence of Mg++ compared with 
non-competitive inhibition observed with the cytosolic enzyme. Physico-
chemical differences have also been observed between human cytosolic and 
mitochondrial PEPCK's (Diesterhaft, Shrago and Sallach, 1971). 
It is not possible on the basis of such small observed differ-
ences between the cytosolic and mitochondrial enzymes to conclude that 
they have different functions. PEP synthesis in livers containing only a 
cytosolic enzyme must occur in the cytosol. Since mitochondria are generally 
considered to be impermeable to OAA at physiological concentrations (e.g., 
Williamson, Lund and Krebs, 1967), though differences between species may 
be present (Gimpel, de Haan and Tager, 1973), a system for translocating 
malate or aspartate (and hence OAA and ·reducing equivalents) across the 
-mitochondrial membrane to the cytosol has been suggested (Lardy, Paetkau 
and Walker, 1965; Haynes, 1965; Krebs, Gascoyne and Nolton , 1967). This 
process may also occur in species possessing both the mitochondrial and 
cytosolic enzymes, since it is the cytosolic enzyme that increases in 
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activity during starvation, but the question of the function of the mito-
chondrial enzyme in these species still remains. 
In mitochondrial preparations from guinea pig liver, Nordlie 
and Lardy (1963) found a positive correlation between levels of PEPCK 
activity and the formation of PEP from a-oxoglutarate and Pi in the presence 
of 2,4-dinitrophenol. This has also been sho\.m with ox liver mitochondria, 
where PEP is transported out of the mitochondria in exchange for malate 
or citrate (Robinson, 1971). Arinze, Garber and Hanson (1973) have shown 
in perfused livers of guinea pigs and rabbits that efflux of PEP from the 
mitochondria plays a major role in gluconeogenesis in these species. This 
was not the case in rat livers. Control of the rate of gluconeogenesis 
may be achieved in guinea pig liver by a change in the intramitochondrial 
NAD+/NADH ratio influencing the supply of OAA through the MDH equilibrium 
(Soling, Willms, Kleineke and Gehlhoff, 1970; Arinze et al., 1973), or 
by a limitation in the supply of GTP. Soling et aZ. (1970) noted that 
nucleoside diphosphokinase has low activity in guinea pig liver compared 
with rat liver. In rabbit liver mitochondria, a GTP/GDP cycle may operate 
between PEPCK and the a-oxoglutarate dehydrogenase-succinylCoA synthetase 
systems (Garber and Hanson, 1971). Significant OAA synthesis from PEP was 
observed with guinea pig liver mitochondria when the ATP/ADP ratio was 
low, suggesting that availability of GTP may control the rate and direction 
of PEPCK in this species (Garber and Salganicoff, 1973). 
A different role for PEPCK is observed in helminths and some 
molluscs, where it functions primarily in the carboxylation of PEP in the 
p_athway for succinate synthesis. 
Active PEPCK's have been found in all parasitic helminths that 
have been examined, with the exception of S. mar~oni (Bueding and Saz, 
1968), where activity is very low. Some propertfes of the enzyme in homo-
genates or supernatants have been studied in the following species: 
A. Zwrbricoides adult muscle and larvae (Saz and Lescure, 1967, 1969; Van 
den Bossche, 1969), T. spiralis larvae (Ward, Castro and Fairbairn, 1969), 
H. contortus larvae (Ward, Schofield and Johnstone, 1968), M. duhius larvae 
and adults (Horvath and Fisher, 1971), F. hepatica adults (Prichard and 
Schofield, 1968b, d; de Zoeten et al., 1969), D. dendritiewn adults 
(Kohler and Hanselrnann, 1973), E. granulosus scoleces (Agosin and Repetto, 
1965) and H. diminuta adults (Prescott and Campbell , 1965). In general, 
the helminth enzymes show a pH optimum range of 5.9 - 7.2 and are more 
active with IDP or GDP than ADP ; similarly, ATP does not serve as a sub-
strate for the decarboxylation reaction to any great extent. Mn++ is more 
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effective than Mg++, which gives about 50% or less maximal activity. 
Variable distribut ion of PEPCK between cytosol and mi tochondria 
is also found among the helminths . Mostly "soluble" PEPCK is seen in 
A . Zwribricoi<les muscle (Saz and Lescure, 1969; Van den Bossche, 1969) and 
in D. dendriticwn (Kohler and Hanselmann, 1973). Other species possess 
both cytosolic and mitochondrial activities, with the mitochondrial activity 
being up to about 30% of the total. These are F. hepatica (Prichard and 
Schofield, 1968b), H. contortus (Ward et al., 1968), H. dirrrinuta (Prescott 
and Campbell, 1965) and M. expansa. 
The helminth enzyme has been reported to catalyse a readily 
reversible reaction (Saz and Lescure, 1967, 1969; Prichard and Schofield, 
1968d; Agosin and Repetto, 1965; de Zoeten et aZ., 1969). It has been 
suggested for A. Zwribricoides that it functions in the carboxylation 
direction in adults but in decarboxylation in the aerobic larvae where it 
is implicated in glyconeogenesis (Saz and Lescure, 1967). The properties 
of the enzyme in the carboxylation and decarboxylation reactions were 
examined in A. Zwnbricoides adult muscle by Saz and Lescure (1969). They 
found maximal activity in decarboxylation (pH 6.4) to be twice as high as 
that for carboxylation (pH 6.8), but suggested that the enzyme normally 
functioned in the carboxylation direction because the apparent Km for PEP 
was only O. 26 mM compared with 1. 8 mM for OAA. Such a Km value for OAA 
is well beyond apparent phys i ological concentrations of OAA in Ascaris 
muscle of 5 µM (Barrett and Be is, 1973a). Recent studies on the affinity 
of mammalian PEPCK's for OAA have suggested that the apparent Km has been 
c·onsiderably overestimated because of technical difficulties associated 
with the assay (Ballard, 19 70b ; Walsh and Chen, 1971); more recent 
estimates bring the Km for OAA of the rat and guinea pig liver enzymes 
into the range 1-5 µM (Wals h and Chen, 1971). This may also apply to the 
helminth enzymes. Values similar to those for A. ZUJTUJricoides have been 
reported for PEPCK from F. hepatica by de Zoeten et aZ. (1969), who found 
app~rent Km's for GDP of 0.074 mM, PEP 0.48 mM, CO2 2.5 mM at pH 5.5, and 
for OAA, 2.6 mM at pH 6.0. 
Regulation of the activity of helminth PEPCK by induction is 
considered unlikely, becaus e succinate synthesis occurs continuously under 
anaerobic conditions. However no experimental study has been performed 
and induction cannot be entirely discounted as a possible method of regu-
lation. No allosteric regulator has been found for mammalian or helminth 
PEPCK. In the case of helminths, no search has been made . A number of 
kinetic properties of the mamiilalian enzyme may be relevant to its regulation. 
Purified pig liver mitochondrial PEPCK activity is inhibited in the de-
carboxylation reaction by HC03 in the concentration range of the Km for 
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the carboxylation reaction. The inhibition is competitive with OAA. Both 
the exchange and decarboxylation reactions are inhibited by GDP and GMP; 
this inhibition is of mixed-type. IDP does not inhibit (Chang et al., 
1966). Guinea pig liver mitochondrial PEPCK is inhibited by 1.33 rnM AMP, 
which competes with ITP or GTP; the corresponding cytosolic enzyme does 
not show this property (Holten and Nordlie , 1965). It appears that control 
of PEPCK activity in mammals is effected both by levels of substrates and 
other nucleotides, and by changes in absolute concentration of the enzyme. 
Product inhibition of both the exchange and decarboxylation 
reactions has been observed in purified preparations of mitochondrial 
PEPCK from chicken liver (Felicioli et al., 1970). IDP inhibits com-
petitively with ITP and "uncompetitively" with OAA, giving rise to parallel 
lines in the double reciprocal plot. PEP inhibits non-competitively with 
OAA and shows mixed-type inhibition with ITP. Similar inhibition has been 
observed with partially purified preparations from the Pacific oyster, 
Crassostrea gigas (Mustafa and Hochachka, 1973). In this species, ITP 
was shown to inhibit carboxylation activity competitively with either Mn++ 
or zn++, and mixed-competitively with IDP in the presence of :Mn++. In 
the presence of zn++, ITP inhibition was non-competitive with IDP. The 
inhibition was competitive with PEP in the presence of either MJl++ or zn++. 
Interpretation of these data is rendered difficult because the concentration 
of cation was not maintained at either constant ratio or in excess of the 
total concentrations of IDP and ITP, and hence inhibition by IDP not com-
plexed with a cation may also have been a contributing factor. GTP was 
also shown to be inhibitory. Alanine was shown to reverse this inhibition 
almost completely and also to stimulate PEPCK activity at low PEP concen-
trations . This is significant in this species because PEPCK competes 
with an active pyruvate kinase for PEP. This branchpoint in the oyster 
determines whether aerobic or anaerobic metabolism results. Alanine has 
been shown to inhibit pyruvate kinase (Mustafa and Hochachka, 1971), so 
the pyruvate kinase/PEPCK branchpoint in this species is apparently con-
trolled by the reciprocal effects of alanine and the triphosphonucleotides. 
The possibility of a similar form of reciprocal modulation at 
the pyruvate kinase/PEPCK branchpoint was considered in M. expansa. The 
kinetic and regulatory properties of the enzyme acting in the carboxylation 
direction were therefore investigated, and a comparison was made between 
the cytosolic and mitochondrial enzymes, with the aim of detecting possible 
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functional differences between the two enzymes. A preliminary measure of 
the activity of the decarboxylation reaction was also obtained. 
Preliminary work on this enzyme had been performed on super-
natants by Guppy (1972), who showed that it is inhibited by ATP, ITP and 
GTP. Variable effects were encountered as a result of variations in 
activity and protein concentration. In the work described in this thesis, 
a partially purified preparation was used that was free from interfering 
pyruvate kinase activity, and that gave reasonably constant activities and 
protein concentration. 
5.2 Preparation of PEPCK from M. expansa 
Guppy (1972) had shown that treatment of 100,000 g supernatants 
with ( iH4)2S04 resulted in a considerable loss of PEPCK activity. Partial 
purification of° PEPCK was achieved in this current work using Sephadex 
G-100, which served to separate the cytosolic enzyme from pyruvate kinase 
and to desalt the preparation. Bryant (1972, unpublished results) had 
shown that the enzyme showed greater activity with MOPS or MES buffer 
than with imidazole, and MOPS was chosen for this study. 
(a) Cytosolic PEPCK 
5-10 g of freshly collected, rinsed scoleces were homogenised 
in 0.1 M MOPS-KOH, pH 6.6, at 0-2°, in an all-glass Dounce-type homogeniser, 
at the rate of 1 g worm: 0.5 ml buffer. The homogenate was centrifuged 
at 100,000 g, 2°, for 30 mins. 2 or 4 mls of clear supernatant were re-
moved from under the lipid layer and applied to a Sephadex G-100 (fine) 
column, either 1.5 cm x 30 cm or 1.6 cm x 60 cm, which was equilibrated 
with the same buffer, and eluted at 4°. Fractions were collected at 2 mls 
constant volume. Elution in the smaller column took 2-3 hrs; reverse-
flow elution was performed in the larger column, which was left overnight. 
The results of a typical elution in the larger column are shown 
in Fig. 5.1. Pyruvate kinase activity was determined spectrophotometrically 
in the absence of FOP as described in Ch. II, 2.2. PEPCK activity is 
delayed behind the peak of major protein concentration because it has a 
molecular weight below 150,000, whereas pyruvate kinase, with a higher 
molecular weight, does not enter the gel and is eluted in the void fraction. 
The fractions corresponding to the top of the PEPCK peak were pooled and 
used on the same day. The preparation was found to r etain 70-90% of its 
activity for 2-3 days at 4° but generally only sufficient total activity 
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was available for one test series and the enzyme was prepared and used 
daily. The procedure resulted in a 10-fold increase in specific activity 
and allowed a reasonably constant protein concentration of around 10 µg/ml 
to be used in the assays. The fraction was contaminated with a high 
activity of MDH. This did not interfere because assays coupled to MDH 
were used and MDH was always added in excess. 
(b) Mitochondrial PEPCK 
The mitochondrial enzyme was prepared as outlined in Ch. II, 
2.2, after a preliminary experiment to determine the efficiency of washing 
in the removal of contaminating cytosolic PEPCK. The results of this 
experiment are presented in Table 5.1. 
Table 5.1 Preparation of Mitochondrial PEPCK 
Total unitsa 
20 g scoleces 
1st 14,000 g supernatant 
14,000 g supernatant from 1st washb 
" " " 2nd " C 
" " " 3rd " C 
" " " 4th " C 
" " " 5th " C 
100,000 g supernatant from sonication 
100,000 g pellet from sonication 
a Units are total µmoles 14co2 incorporated/min at 37°. 
b Washed with 10 mls Medium B + BSA. 
c Washed with 10 mls Medium B - BSA. 
34.82 
2.31 
0.55 
0 .10 
0 .07 
0.08 
1.44 
0.22 
A ten-fold increase in activity results from sonication after the 5th 
mitochondrial wash. A low level of activity remains with the mitochondrial 
membra.11es after sonication. It was concluded that 3 mitochondrial washes 
were sufficient to remove contaminating cytosolic activity found in the 
first and second washes. The activity observed in the 3rd-5th washes could 
be due to residual cytosolic PEPCK contamination and/or activity leaking 
from mitochondria damaged during centrifugation and resuspension. 
The pellet £Tom the 3rd mitochondrial wash was routinely re-
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suspended in 1 ml 0.1 M MOPS-KOH, pH 6.6, sonicated and centrifuged as 
described in Ch. II, 2.2. The supernatant was applied to a Sephadex G-100 
(fine) column (0.9 x 25 cm), equilibrated with the same buffer. Elution 
was performed at 4° and fractions were collected at 2 mls constant volume. 
The elution profile of the mitochondrial enzyme is illustrated in Fig. 5.2. 
It is essentially similar to that of the cytosolic enzyme and the PEPCK 
fractions were also contaminated with a high activity of MDH. No pyruvate 
kinase or LDH activity was present in the mitochondrial supernatant tested 
before elution. The fractions corresponding to the top of the PEPCK 
activity peak were pooled and used on the same day. 
Protein was determined by the method of Lowry et al. (1951), 
using BSA as a standard. 
5.3 Assay of PEPCK 
Two methods were used for assay of PEPCK in the carboxylating 
direction, and one in the decarboxylating direction. 
(a) Carboxylating: with Hl4co3 
The l4co2-fixation assay of Chang and Lane (1966) was employed 
with modifications to suit the enzyme from M. expansa. The same system 
was used for both cytosolic and mitochondrial enzymes and the assay method 
is described in detail in Ch. II, 2.2. The addition of 2 mM GSH was 
found to permit a 20% increase in activity. The rate of l4co2 incorporation 
was linear with enzyme concentration up to 100 µg/ml for the cytosolic or 
mitochondrial enzymes but it was necessary to decrease the incubation 
time when very low concentrations of substrates were used. In general, 
the cytosolic enzyme was tested at about 10 µg/ml for 5 or 10 mins and the 
mitochondrial around 30 µg/ml for 10 mins. The reaction was started with 
either IDP or PEP after 10 mins of equilibration at 37°. This assay was 
used routinely. 
(b) Carboxylating: spectrophotometric 
The rate of production of OM was fol lowe d at 340 nm as the 
rate of oxidation of NADH in the presence of excess MDH. This was possible 
-because pyruvate kinase and LDH were absent from the enzyme preparation. 
The reaction mixture contained: 0 .1 1 MOPS-KOH, pH 6. 6, 1. 20 mls; 50 mM 
KHCO3; S mM MnCl2; 2 rnM GSH; 0.1 mM NADH ; 20 µg IDH; variable Na-IDP ; 
variable Na-PEP; PEPCK preparation; distilled water to a final volume 
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of 2 mls. All reagents were dissolved in buffer and the final pH was 6.6. 
The reaction was initiated with either IDP or PEP after preincubation of 
the enzyme with the other constituents of the reaction mixture for 5 mins 
at room temperature. 3 ml plastic cuvettes with a light path of 1 cm were 
employed and the reaction was assayed at 25 °. 
This spectrophotometric assay is less sensitive than the 14co2 
carboxylation test and required a greater volume of enzyme preparation. 
For this reason it was used only as a check of determinations of apparent 
Km's and of inhibitor effects. It was necessary to use the mitochondrial 
preparation uneluted because insufficient activity remained after elution 
for completion of a test series. Protein concentrations used in the assays 
were 5-6 µg/ml of uneluted mitochondrial extract and 15-20 µg/ml of cyto-
solic eluate. The rate of reaction was linear for more than 15 mins and 
linear with protein concentrations up to 10 µg/ml (mitochondrial) or 40 µg/ml 
(cytosolic). Initial linear velocities were determined by the protractor 
method of Henderson (1971). 
(c) Decarboxylation: PEP formation 
The assay method of Seubert and Huth (1965) ~as employed to 
estimate the relative activity of the decarboxylation reaction under con-
ditions similar to those used for the carboxylation assay. The assay 
mixture contained: 0.1 M MOPS-KOH, pH 6.6, 0.5 ml; KF 4 m1v1; GSH 0.1 mM; 
Na-ITP 1 mM; MnCl2 5 m:I; OAA (neutralised) 1 mM; PEPC.' preparation; 
distilled water to 1 ml final volume. All reagents were dissolved in 
buffer and the final pH was 6. 6. The enzyme was preincubated for 5 mins 
at 37° in glass centrifuge tubes with all the constituents of the reaction 
mixture except OAA which was used to start the reaction. Incubation time 
was up to 10 mins at 3 7° in a shaking water bath, after v.-hich time the 
reaction was stopped by the addition of 100 µl of KBH4 solution, 100 µg/ml, 
freshly prepared. The mixture stood on ice for 2 rnins, then 200 µl of 15% 
HCl04 were added. After a further 5 mins on ice, the solutions were 
centrifuged at approx. 2,500 g for 5 m1ns. The supernatant was neutralised 
with 5 M KOH on ice. PEP in the solutions was assayed as described in Ch. 
III, 3.3, either immediately or after storage at -40° overnight. Controls 
containing either no OAA, or no ITP, or no PEPCK preparation, formed no 
PEP. The reaction rate was linear with enzyme concentration and with time 
up to 35 µg/ml (uneluted mitochondrial extract) or 150 µg/ml (eluted cyto-
solic extract) and 10 mins incubation. 
All tests on PEPCK were performed in triplicate and results 
are presented as the means. Experiments illustrated in a single graph 
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were performed on the same batch of enzyme. Activities are expressed as 
nmoles product or substrate/min/mg protein at 37° or 25°. All curves were 
"fitted" by inspection. 
5.4 Properties of Cytosolic and Mi tochondrial PEPCK 
(a) pH curves 
The results of determinations of PEPCK activity at a range 
of pH from 6.0 to 8.0 are presented in Figs. 5.3 and 5.4. The cytosolic 
enzyme shows maximal activity in the pH range 6.6 - 7.0 in the presence 
of MnCl2 and 6.4 - 6.6 with MgCl2 . High activity is maintained over a broad pH range when Mn++ is present. The mitochondrial enzyme, tested 
with Mn++, shows a sharper peak at around pH 6. 6, with a steeper decline 
in the upper pH range. No activity was elicited with the mitochondrial 
enzyme in the presence of Mg++. 
(b) Effects of MnCl2 and MgCl2 
Fig. 5.5 shows the effects of increasing concentrations of 
MnCl2 or MgCl2 on cytosolic PEPCK. It is evident that MnCl2 permits 60-70% 
higher activity than MgCl2 . The apparent Km' s calculated from the curves 
are 0.10 ± 0.02 mM for MnCl2 and 0.13 ± 0.03 mM for MgCl2, which suggests 
a small difference, if any, in the enzyme's affinity for the two cations. 
The results obtained for the mitochondrial enzyme are illustrated in Fig. 5.6. Negligible activity is found in the presence of MgC1 2 . The apparent Km for Mn++, calculated from the curve, is 0.24 ± 0.05 mM. 
Two differences are thus apparent between the mit ochondrial 
and cytosolic enzymes: mitochondrial PEPCK is not . activated by MgCl2 and has a lower apparent affinity for 1nc1 2 . No inhibitory effects are seen 
wi th either Mn Cl 2 or 1gCl 2 at a cone en tration of 5 mM and this concentration 
was used in al 1 further tests on the enzymes. 
(c) Effects of IDP 
Typical saturation curves for the cytosolic and mitochondrial 
enzymes in the presence of 3 concent rations of PEP are shown in Figs. 5.7 
and 5.8. The results in Fig. 5.7 fo r cytosolic PEPCK with MnCl2 were 
determined spectrophotometrical ly at 25°; those in Fig. 5.8 for mit o-
chondrial PEPCK were determined by 14co2-fixation at 37°. The curves show. 
no cooperativity, and IDP up to a concentration of S m.M , the concentration 
1000 
0 800 
,...._ 
C") 
-co 
C 
I· ·-Q) 
-0 600 L.. 
a. 
0) 
E 
....... 
C 
·-E 400 
....... 
Cl) 
Q) 
0 
E 
C 
200 -
0 
6.0 
Fig. 5.3 pH CURVE FOR CYTOSOLIC PEPCK 
1 
• 
l 
.. ~----- T 0--------0 
.. /· .&. 
_.q 
6.2 6.4 6.6 
... 
• 
-~,_ 
0 
.. ~~ 
_o_, 
6.8 7.0 7.2 7.4 
pH 
•-- e with MnCI 
2 
o-- o with MgCI 
2 
Mean and range of triplicates 
I 
0 
l 
=-o--.. 
7.6 
... 
-0 
0 
7.8 8.0 
0 
t-,. 
('f) 
-
I: 
cu 
C 
·-Q) 
-0 
L-
a. 
O> 
E 
....... 
C 
·-E 
....... 
(/) 
Q) 
0 
E 
C 
Fig. 5.4 pH CURVE FOR MITOCHONDRIAL PEPCK WITH MnCI 
2 
300 
200 
100 
0 
T 
• 
T 
• 
-
~ 
6.0 6.2 6.4 6.6 6.8 7.0 7.2 
pH 
7.4 7.6 7.8 8.0 
Mean and range of triplicates 
400 
0 
....... 300 ('t') 
... 
ro 
C 
·-(l) 
... 
0 
'-
C. 
0) 
E 200 
......... 
C 
·-E 
......... 
en 
(l) 
0 
E 100 C 
0 
Fig. 5.5 EFFECTS OF MnCI OR MgCI ON CYTOSOLIC 
2 2 
PEPCK ACTIVITY 
,I 
• 
0 I Jna 
-i I 0 0 
0 
...... -----~-------r----t t-----..-----tfJ t-- -, 
0 0.5 1.0 
mM Mn- or MgCI 
2 
o--o with MgCI 
2 
•--• with MnCI 
2 
2.5 5.0 
0 
"" ('t') 
-co 
C 
·-Q) 
-0 
.... 
0. 
0) 
E 
........ 
C 
·-E 
........ 
Cl) 
Q) 
-0 
E 
C 
Fig. 5.6 EFFECTS OF MnCI OR MgCI ON MITOCHONDRIAL 
2 2 
1400 
1200 
1000 
800 
600 
400 
200 
0 
PEPCK ACTIVITY 
• 
I 
• 
.o.o___. 0 
0 
0 0.5 
. ...., 
o--i f 
1.0 
mM Mn- or MgCI 
2 
•--• with MgCI 
2 
o-.- o with MnCI 
2 
t • 
• 
0 f 
J 0 
I I I I 
2.5 5.0 
0 
l[) 
N 
-co 
C 
·-(l) 
-0 
L.. 
a. 
0) 
r 
E 
........ 
C 
·-E 
........ 
(/) 
(l) 
-0 
E 
C 
Fig. 5.7 IDP SA TU RATION CURVE FOR CYTOSOLIC PEPCK 
WITH 5.0 mM MnCI 
1200 
1000 
800 
600 
400 
200 
0 
2 
' t 
• l 
0~ 
dMA~ 
- o 
r= 0 0 
f I ... 
...r 
/ 
... 
I 
... 
I 
... 
__...,_ ___ ___,r---------,-----1 1---1 ---elf.,_ --
0 0.5 1.0 2 .5 
mM IDP 
__ .._ 0.25mM PEP 
o- o 0.5 mM PEP 
• --• 1.0 mM PEP 
Determined spectrophotometrically 
5.0 
0 
I'-
(1) 
..... 
C'O 
C 
·-Q) 
..... 
0 
L.. 
a. 
O> 
E 
' 
C 
·-E 
' 
(/') 
Q) 
-0 
E 
C 
Fig. 5.8 IDP SATURATION CURVE FOR MITOCHONDRIAL PEPCK 
WITH 5.0mM MnCI 
800 
700 
600 
500 
400 
300 
200 
100 
0 
• 
0 
0 
... 
;.,A 
2 
we, > O i~ o - j 0 
l l 
- .l 
_.,_ _____ -r--------,---, t----r----tf~ ,-. --
0 0.5 1.0 
mM IDP 
--· 0.10mM PEP 
o--o 0.25mM PEP 
• --• 1.0 mM PEP 
2.5 5 .0 
a 
b 
77 
of added JvfnCl 2, does not inhibit. Inhibition by IDP is observed when its 
concentration exceeds that of the added MnCl2. 
Apparent Km' s for IDP were calculated from these and other 
determinations and are tabulated in Table 5.2. 
Table 5.2 Apparent Km's for IDPa 
rnM PEP 
Enzyme 0.1 0.25 0.5 1.0 
Cytosolic, + Mn++ 0 .13b o.osb o.ogb 
0.25 
0.16 
0.15 
Cytosolic, + Mg++ 
0. 07 
0.04 
Mitochondrial, + Mn++ 0.04 0.07 0. 08 
0.22 o.o6b 
0.20 
0.28 
Km values, calculated, are in mM, determined at 37° by 14co2-fixation assays in the presence of 5 mM MnCl2 or MgCl2. 
Values calculated from spectrophotometric assays at 25° in presence 
of 5 md MnCI2. 
= not tested. 
Although the values are variable, it appears that there is no major diff-
erence in apparent affinity for IDP between the mitochondrial and cytosolic 
enzymes. The Km determined for the cytosolic enzyme with ivigCl2 is apparently 
lower than that in the presence of MnCl2. 
(d) Comparison of IDP, GDP and ADP as substrates 
Figs. 5.9 and 5.10 sumarise the results of a comparison of 
activity in the presence of either IDP, GDP or ADP for the cytosolic and 
mitochondrial enzymes respectively. The IDP, GDP and ADP content of 
commercial preparations\ as checked using the pyruvate kinase assay for 
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justed accordingly. 
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It is evident for both enzymes that negligible activity is 
elicited with ADP up to a concentration of 5 mM, and that GDP allows a 
higher maximal activity than IDP. A similar result was obtained with the 
cytosolic enzyme in the presence of MgCl2, The apparent Km's for IDP and 
GDP for direct comparisons on the same batch of enzyme are presented in 
Table 5.3. 
Table 5.3 Apparent Km's for IDP and GDPa 
Enzyme IDP GDP 
Cytosolic, + Mn++ 0.15 + 0.03 0.15 + 0.03 
Cytosolic, + Mg++ 0.04 ± 0.01 0.03 + 0.01 
Mitochondrial, + Mn++ 0.20 + 0.02 0.10 + 0.03 
a Values are calculated, in mM ± S.D., determined by l4co2-fixation assays 
at 37° in presence of 5 mM MnCl2 or MgClz. 
No significant difference between the affinities for IDP and GDP is evi-
dent for the cytosolic enzyme; a significant difference may be present 
with the mitochondrial enzyme. The lower Km for IDP in the presence of 
MgClz is also seen with GDP. 
(e) Effects of PEP 
Fig. 5.11 shows the results of a typical PEP saturation test 
on mitochondrial PEPCK. Similar results were obtained for the cytosolic 
enzyme with MnCl2 or MgCl2. There is no evidence of cooperativity and PEP 
up to a concentration of$ mM does not inhibit. The apparent Km's deter-
mined from these and other curves are given in Table 5.4. No significant 
differences are apparent between the mitochondrial and cytosolic enzymes 
and the Km's for PEP for the cytosolic enzyme do not show significant 
differences in the presence of 1gC12 or imCl2, 
A comparison of Table 5.4 with Table 5.2 suggests that the 
affinity of the enzymes is higher for PEP than for IDP, though this con-
clusion is tentative because of the variability of the data. Possible 
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confirmation of this lies in the fact that enzyme activity in the presence 
of 1 mM PEP and 0.25 m.M IDP is lower than in the presen ce of 0.25 mM PEP 
and 1 mM IDP. 
Table 5.4 Apparent Krn's for PEPa 
a 
b 
C 
d 
JTu'v! IDP 
Enzyme 0.10 0.25 0.50 1.0 
Cytosolic, + Mn++ o.o5b 0.07b 0.04b 
0.17 
0.07 
0.11d 
Cytosolic, + Mg++ 0.12c 
o.osc 
Mitochondrial, + Mn++ 0.02 0.04 0.07 0.05 
0.10 
o.ogb 
0.10 
Values are in rnM, determined by calculation from 14co2-fixation assays 
at 37° in the presence of 5 rnM MnCl2. 
Values calcul ated from spectrophotometric assays at 25°. 
Values calculated from 14co2- fixation as says at 37° in the presence of 
2.5 mM MgCl2. 
-
Value calculated from 14co2-fixation assays at 37° in the presence of 
2.5 mM MnCl2. 
= not tested. 
(f) Effects of ATP and ITP 
The results of Guppy ( 19 72) were confirmed in that both ATP 
and ITP were shown to have a weak inhibitory effect on the mitochondrial 
and cytosolic enzymes in the presence of 5 rnM MnCl2, Two examples are 
shown in Figs. 5 .1 2 and 5 .13. Inhibition is about 60% with 4 rnM ATP for 
both enzymes and 30-40% with 4 mM ITP. The loKer inhibitory effect of ITP 
· maybe partly due to contamination of the ITP preparation , ith IDP; this 
was estimated and the concentration of added IDP was adjusted accordingly, 
but ATP continued to show a greater inhibitory effect . In the presence 
of 5 mM MgCl2, the cytosolic enzyme shm s a more dramatic inhibiti on by 
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ITP or ATP. This is sho½TI in Fig. 5.14, where almost 90% inhibition is 
evident at 1 mM ITP and inhibition commences at 0 .1 m1v1, which was the 
lowest ITP concentration tested. 
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A brief investigation of the nature of this inhibition was 
undertaken. Figs. 5.15 and 5.16 show the effect of two concentrations of 
ATP on the IDP saturation curve of cytosolic PEPCK with MnC1 2 and MgC1 2 , 
respectively. The apparent Km's and Vm's for these curves were calculated 
and are tabulated in Table 5. 5. In the presence of MnC1 2, increasing ATP 
concentration results in an increased apparent Km for IDP without signifi-
cant change in apparent Vm. This indicates that ATP inhibition is com-
petitive with IDP. When MgC1 2 replaces MnCl2, however, the apparent 
increase in Km is accompanied by a decrease in Vm, which suggests that a 
mixed type of inhibition occurs under these circumstances. 
The effects of ATP on the PEP saturation curve for cytosolic 
PEPCK with MnCl2 and MgCl2, respectively, are shown in Figs. 5.17 and 5.18; 
calculated apparent Km's and Vm's are shown in Table 5.5. When MnCl2 is 
present, there is no change in the apparent Km for PEP, but a decline in 
apparent Vm is seen at increasing ATP concentrations. This indicates that 
ATP inhibition is non-competitive with PEP. In the presence of MgC1 2, 
however, a slight increase in apparent Km accompanies the decreased Vm, 
suggesting that inhibition in this case is not solely non-competitive with 
PEP. Interpretation of these data is somewhat complicated by the fact 
that precipitation occurs at high concentrations of both PEP and MgCl2 
together. It was therefore necessary to decrease the MgCl2 concentration 
to 2. 5 mM for the trials with 0 and 0. 5 mM ATP, but 5 mM MgCl2 was used 
at 2.5 mM ATP. This variable MgCl2 concentration could affect the results. 
Similar results were obtained for the mitochondrial enzyme, ,vhere inhibition 
by ATP was competitive with IDP and non-competitive with PEP in the pre-
sence of 5 rnM MnCl2, 
These interpretations were confirmed by plotting the data as 
double reciprocal plots or s/v vs s plots (Dixon and Webb, 1964). Two 
examples of such plots of some of the data used for Table 5.5 are shown 
in Figs. 5.19 and 5.20. Dixon (1953) plots of the ITP inhibition data re-
vealed that ITP inhibition was similar to ATP inhibition. No straight 
line was obtained with ITP in the presence of MgCl2, which indicates a 
mixed type of inhibition. 
(g) Other effectors 
A range of potential effectors was tested on the mitochondrial 
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Table 5.5 Apparent Km's and Vm 's for Cytosolic PEPCK in the Presence of 
Two Concentrations of ATP 
(i) IDP Saturation K a Vb m m 
+ 5 rnM MnCl2: No ATP 0.25 + 0.03 2806 + 124 
0.5 mM ATP 0.50 + 0.06 2967 ± 140 
2.5 mM ATP 0.90 + 0.21 2974 + 373 
+ 5 rnM MgCl2: No ATP 0.07 + 0.01 955 ± 36 
0.5 mM ATP 0.15 ± 0.04 739 + 57 
2. 5 mM ATP 0.27 ± 0.03 598 ± 23 
(ii) PEP Saturation 
+ 5 mM MnCl2: No ATP 0.58 + 0.08 2642 + 115 
0.5 mM ATP 0.60 ± 0.10 2314 + 127 
2.5 mM ATP 0.53 ± 0 .10 1791 + 112 
+ 2.5 rnM MgCl2: No ATP 0.11 + 0.02 795 ± 43 
0.5 rnM ATP 0.17 + 0.03 719 + 36 
+ 5 mM MgCl2:2.5 mM ATP 0.18 + 0.05 620 + 33 
a Values, in mM ± S.D., calculated from 14co2-fixation assays at 37°. 
b Values, in nmoles/min/mg protein± S.D., calculated from l4co2-fixation assays at 37°. 
l· 
' 1 
I 
I 
' 
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CYTOSOLIC PEPCK WITH 5.0mM MnCI 
2 
3.0 
0 
,..._, 
(") 
0 • 
-C'O 
C 2.0 
ir ·- 0 0 (l) 
-0 
• ~ 
a. 
0) 
E .... 
-, r 
........ 
C 
·-E 
........ 
(/') 1.0 (l) 
-0 
E 
:i 
0 
I 
0 0.5 1.0 1.5 2.0 2.5 
-
3.0 5.0 
mM PEP 
• • no ATP 
0 0 O.SmM ATP 
... 2.SmM ATP 
0 
,-.... 
C") 
-C1J 
C 
·-(l) 
-0 
'-
a. 
I· 0) 
E 
........ 
C 
·-E 
........ 
CIJ 
Q) 
-0 
E 
C 
Fi g. 5 .18 EFFECTS OF ATP ON THE PEP SATURATION CURVE 
FO R CYTOSOLIC PEPCK WITH 5.0mM MgC I 
2 
1000 
800 
0 
600 
0 A/ A 
/ 
400 • 
• 
200 
0 
0 0.5 1.0 1.5 2.0 
mM PEP 
ic:m-..e no ATP 
0 
0 
2.5 
o--o 0.SmM ATP 
· --· 2.SmM ATP 
0 
3.0 5.0 
Fig. 5.19 ATP INHIBITION OF CYTOSOLIC PEPCK : EFFECTS ON THE IDP SATURATION CURVE 
WITH 5.0mM Mnc1· : Lineweaver-Burk plot showing competitive inhibition 2 
,... 
I 
-0 
,...._ 
(") 
..... 
co 
C 
·-Q) 
..... 
0 
.... 
0. 
O> 
E 
......... 
C 
·-E 
......... 
(/) 
Q) 
-0 
E 
C 
-
9 
8 
7 
6 
5 
4 
3 
2 
0 5 
-1 ( mM IDP) 
• 
10 15 20 
• no ATP 
o 2.5mM ATP 
~ -- .- -- ----- ,...._ =--.--- _-. -
Fig. 5.20 ATP INHIBITION OF CYTOSOLIC PEPCK : EFFECT ON THE PEP SATURATION CURVE 
WITH 5.0mM MnCI : Lineweaver-Burk plot showing non-competitive inhibition 2 
18 
16 
,... 
·-0 14 f'-
(") 
-co 
C 12 
·-(1) 
-0 
..... 10 0. 
0) 
E 
' 
8 
C 
·-
E 
' 
6 
Cl) 
(1) 
-
,4 0 
E 
C 
-
2 
~ 
I 
I 
I 
0 5 
/ 
/ /' 
-1 (mM PEP) 
.0 
, 
• 
~ • no ATP 
o 2.SmM ATP 
10 15 20 
81 
and cytosolic enzymes. Tests were performed by adding the test substance, 
dissolved in buffer and neutralised when necessary, at a range of concen-
trations, to the assay mixture and preincubating the enzyme as usual. The 
concentration of ADH was increased to 4 mM when malate \,as tested; 4 mM 
NADH alone was shown to have no effect on PEPCK activity. Potential 
effectors were tested at three combinations of IDP and PEP concentration: 
1 mM IOP + 1 mM PEP; 0.25 mM IOP + 1.0 rn.M PEP; 1.0 IOP + 0.25 rnM PEP. 
The cytosolic enzyme was tested with MgCl2 as well as tnCl2. Appropriate 
controls were performed. No effect was observed on the activity of either 
the cytosolic or mitochondrial enzyme with any of the substances tested. 
These were: (NH4) 2S04 up to 10 mM; Na-pyruvate , Na-succinate or Na-mal ate 
up to 5 mM; AMP or Na-fumarate up to 4 mM; ADP or FDP up to 2.5 rnM. In 
addi tion, malate or FDP up to 2.5 mM had no effect on either enzyme inhib-
ited with 4 mM ATP or ITP. Lack of inhibition by ADP indicates that it 
does not bind at the substrate site for IDP or GDP. 
(h) The decarboxylation reaction 
The relative activities of the cytosolic and mitochondrial 
enzymes were compared in the carboxylation and decarboxylation directions 
at pH 6.6 and 37°. Similar concentrations of substrates were employed 
for each assay, i.e. 1 mM IDP + 1 mM PEP and 1 mM ITP + 1 mM OAA, in the 
presence of 5 mM MnCl2. The results of the assays are shown in Table 5.6. 
Table 5.6 Rates of the Carboxylation and Decarboxylation Reactions 
Cytosolic PEPCK 
Mitochondrial PEPCK 
Carboxyl at ion 
1.54 
0.48 
Decarboxyl at ion 
1.47 
0.37 
Values are µmoles/min/mg protein at 37°. Determinations Kere made for 
fonvard and reverse reactions on the same preparation, in triplicate, and 
values presented are the m~ans. 
The mitochondrial extract used was not eluted. It is evident from the 
Table that the rate of the carboxylation reaction is fractionally higher 
than the decarboxylation reaction under the conditions emp loyed. This in-
dicates that the reaction is readily reversible under these conditions. 
It is probable that rel ative decarboxylation activity is higher than was 
determined in this study, because optimal assay conditions here not in-
vestigated . 
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5.5 Discussion 
This study of PEPCK from M. ex-pansa has shown no significant 
differences between this enzyme and those from other vertebrate or helminth 
sources, despite the difference in function of the enzyme in vertebrates 
and helminths. Similarly, no major differences between the cytosolic and 
mitochondrial enzymes were demonstrated. 
In contrast to the situation in the oyster, C. gigas, no non-
nucleotide regulators for PEPCK from M. expansa were demonstrated, and it 
is evident that the apparently simple reciprocal-inhibition found at the 
pyruvate kinase/PEPCK branchpoint in C. gigas does not operate in M. expansa 
unless effectors yet unknown control the branchpoint in this species. The 
evidence suggests that PEPCK activity in M. expansa is controlled by its 
substrates and also by ATP, which may or may not be a substrate for the 
decarboxylation reaction, but which competes with IDP in the carboxylation 
reaction. In the case of the cytosolic enzyme, the inhibitory effect of 
ATP is increased when Mg++ replaces Mn++; Mg++ also increases the enzyme's 
affinity for IDP or GDP, but the maximal velocity is considerably lower. 
No information is available on Mn++;Mg++ ratios in M. expansa, but it is 
possible that this difference is of physiological importance, particularly 
with respect to ATP inhibition. However, since ATP also inhibits pyruvate 
kinase in M. expansa, it is unlikely that it is a major regulator of the 
branchpoint in the forward direction. The reversibility of the PEPCK 
reaction complicates interpretation of ATP and ITP inhibition and further 
study of the decarboxylation reaction is required to elucidate these effects. 
It would be useful to know whether ATP can act as a substrate for the 
decarboxylation reaction in M. expansa. On the basis of evidence from 
other species, ATP probably cannot act as a substrate, in which case it 
may have another effect on the decarboxylation reaction. Similar ly, the 
effects of AMP on the decarboxylation would be useful information, since 
it has been shown to be inhibitory to the guinea pig mitochondrial enzyme 
I (decarboxylating) (Holten and Nordlie, 1965). I 
, HCO3 has been shown to inhibit the decarboxylation reaction 
of the pig liver mitochondria l enzyme (Chang et al., 1966) and is a likely 
contender for control of the forward and reverse PEPCK activity in 
M. expansa, which inhabits an environment rich in CO2. A high CO2 con-
centration in the cell may cause the enzyme to act only in the carboxylation 
direction under physiological conditions. Control of the pyruvate kinase/ 
PEPCK branchpoint wou ld therefore depend on the ability of pyruvate kinase 
to compete for PEP, and on the availability of IDP or GDP to act as a sub-
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strate for PEPCK. In this context it is relevant to note that pyruvate 
kinase can use IDP, GDP or ADP as substrates, though ADP promotes a higher 
activity. 
The only significant difference between the mitochondrial and 
cytosolic enzymes 1n M. expansa found in this study is that the mito-
chondrial enzyme shows no activity in the presence of MgCl2, This indi-
cates that the mitochondrial and cytosolic PEPCK's are indeed separate 
enzymes, but it gives no indication of possible functional differences. 
This question must remain unanswered at present; investigation of pro-
perties of the decarboxylation reaction may shed further light on this 
problem. 
' 1· 
I 
I 
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CHAPTER VI: SYNTI-IESIS AND HYPOTHESIS 
6.1 Discussion 
Aerobic metabolism in M. expansa scoleces is characterised by 
a slight decrease in total end products, a decreased production of lactate, 
and a large increase in the malate pool. The enzyme studies and the work 
of Bryant (1972b) have shown that PFK and pyruvate kinase have allosteric 
properties consistent with regulation of the flux through either both 
pathways, or the pathway to lactate, respectively. On the other hand, no 
allosteric properties are apparently associated with PEPCK, and it appears 
that flux through the PEP-succinate segment of the pathway is regulated 
by factors other than direct modulation of PEPCK activity. Thus, the 
branchpoint at PEP is not control led by a "switch" mechanism directing 
flux exclusively through one or the other pathway. It appears that lactate 
production may be under tight control at the pyruvate kinase reaction, but 
that succinate production is controlled at a site further removed from the 
branchpoint. 
The accumulation of malate under aerobic conditions may provide 
a clue to the position of the "switch". It is possible to envisage accum-
ulation of malate aerobically if the further metabolism of malate is rate-
limiting with respect to recruitment of malate from G6P. Under aerobic 
conditions, if the flow of carbon through the PEP-lactate pathway is dis-
proportionately decreased, then greater carbon flow will be directed through 
PEPCK, given that the total flux decreases less than does the flux through 
lactate. Metabolism of this carbon to malate is required to maintain the· 
cytosolic NAD+/NADH balance in a sufficiently oxi_dised state to allow 
glycolysis to continue. A limitation to the subsequent metab olism of malate 
would lead to accumulation of malate in the cytosol and possibly also in 
the mitochondria. Under steady-state conditions, an equilibrium at the 
IDH reaction could control both the concentration of malate and the rate 
of glycolysis, by means of the NAD+/NADH ratio. 
However, this suggestion provides only a partial explanation, 
since it relies on inhibition of the PEP-lactate pathway to establish the 
larger pool of malate. 
A more probable explanation relies on the direct effect of 
oxygen on the terminal oxidases. Oxygen competes with fumarate as the 
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terminal electron acceptor because of its greater affinity for electrons. 
With oxygen present, therefore, fumarate could temporarily accumulate and 
the result would be a temporary increase in the mitochondrial malate pool 
via the fumarate hydratase equilibrium reaction. Two further effects of 
oxygen would be apparent. Firstly, NADH would be more rapidly oxidised, 
resulting in a higher mitochondrial NAD+/NADH ratio. This would affect 
both the mitochondrial MDH reaction and also, possibly, the a -oxoglutarate 
dehydrogenase system. Secondly, succinate would be oxidised to fumarate. 
This in turn would swell the malate pool substantially, since considerable 
quantities of succinate are present in the worm. In the absence of a 
functional TCA cycle, malate would tend to accumulate in the mitochondria, 
although some would also be oxidised to OAA, supplying further NADH for 
oxidation. 
The rnalate pool may thus be supplied by recruitment from two 
sources: the glycolytic route and the oxidation of succinate. One is 
mitochondrial, the other cytosolic. It is not possible from the data to 
indicate ,-vhich ma late pool contributes the major proportion of the total 
measured malate, but, if one assumes that an equilibrium is present between 
the malate pools of the two compartments, and that the majority of the 
malate is therefore cytosolic, then an explanation for the decreased pro-
duction of lactate aerobically can be offered. In those cells containing 
allosteric pyruvate kinase, increased levels of cytosolic malate could 
serve to reverse the activating effect of FDP on the enzyme. Thus, lactate 
production would be decreased; a greater relative flow from PEP through 
to malate would result (to maintain redox balance if the glycolytic path-
w~y is to continue to function at only a slightly reduced rate), and the 
increase in the size of the malate pool would be reinforced. 
If this explanation is the case, then a major question arises 
with respect to the flow through the malate pool under steady-state con-
ditions. It is observed in intact scoleces in vitro that succinate pro-
duction does not change significantly under aerobic conditions. This 
suggests that, either succinate production continues aerobically, or that 
oxidation of succinate is not sufficiently rapid to allow a detectable 
decrease in the total succinate pool in an incubation lasting 1 hr. The 
observations of Bryant (1972a) indicate that radiocarbon fro m Hl4co3 does 
. indeed accumulate in succinate aerobically, but that the rate is lower 
than what is observed anaerobically; this suggests that the former con-
dition is probably true. There is no direct measure of the rate of succinate 
oxidation in vivo available for this species , but this is also likely to . 
1 
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be a contributory factor. It is unlikely that both fumarate reduction 
and succinate oxidation would occur simultaneously in the same mitochondrion, 
or even, perhaps, in the same cell, because of the competition between 
oxygen and furnarate for electrons, but this would be determined by the 
relative distribution and activities of the two terminal oxidases. 
Since succinate production and succinate oxidation do, nevertheless, 
apparently occur simultaneously in the intact organism, an outlet must be avail-
able for the malate that accumulates. A number of pathways can be suggested: 
(i) In the mitochondria, considerable malate would be oxidised 
to OAA because of the favourable NAD+/NADH ratio generated 
by NADH oxidation. Cornish (1973) has shown that there is 
negligible glutamate-oxaloacetate transaminase activity 
in M. expansa mitochondria. Davey and Bryant (1969) found 
that negligible 14c-U-malate appeared in citrate in homo-
genates, which suggests that there is negligible citrate 
synthase activity. The only enzyme known in M. expcrasa 
mitochondria to act on OAA, apart from MDH, is PEPCK. If 
GTP were available, and CO2 concentrations not inhibitory, 
then PEP synthesis is a possibility. 
(ii) Mitochondrial malate could be converted in small quantities 
to pyruvate by malic enzyme. This would be favoured by 
the redox conditions in the mitochondria. Bryant (1972a) 
found high levels of radioactivity from 14co2 in lactate 
in intact scoleces under aerobic conditions. Since the 
pool size is known to decrease aerobically, this could 
indicate a very high specific activity in lactate. A 
small amount of pyruvate may therefore be formed and 
appear in cytosolic lactate. Spontaneous decarboxylation 
of OAA may also contribute to the pyruvate pool. Cornish 
(1973) reported a high activity of glutamate-pyruvate 
transaminase in M. expansa mitochondria; this could be 
responsible for metabolism of the small amount of pyruvate 
that could be formed intramitochondrially. 
(iii) i\li tochondrial malate could be translocated to the cytosol, 
where the NAD+/NADH ratio may not be so favourable for 
generation of OAA unless glycolysis is not functioning. 
The low activity of cytosolic malic enzyme may play a role 
in removing some malate, but it appears that mos t meta-
bolism of malate would proceed via OAA and thus be in-
fluenced by the NAD +/NADH ratio in the cytosol. Both 
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glutarnate-oxaloacetate transaminase and glutamate-pyruvate 
trans aminase are active in the cytosol (Cornish, 1973). 
Removal of malate by these enzymes is therefore likely if 
glutamate is available. 
(iv) Cytosolic malate could also participate in PEP synthesis 
via PEPCK if CO2 concentrations are not inhibitory and 
if GTP is available. The kinetics of decarboxylating 
PEPCK in the presence of CO2 in M. expansa have not been 
examined, so detailed interactions in this system cannot 
be suggested at this stage. 
The possibility of synthesis of PEP is significant, since, 
coupled with the presence of an active FDPase in M. expo:nsa, it suggests 
the possibility of gluconeogenesis or glyconeogenesis from malate or 
succinate in this species. Glyconeogenesis has been observed in a number 
of parasitic helminths, including starved F. hepatica, from succinate 
(Prichard and Schofield, 1969), E. granulosus scoleces, incorporating 
14co2 (Prescott and Campbell, 1965), A. lwrbricoides infective larvae, 
from propionate, and larvae and adult muscle, from succinate or incorpor-
ating 14co2 (Saz and Lescure, 1966, 1967) and A. lwribricoides eggs, from 
triglycerides (Barrett, Ward and Fairbairn, 1970). In the case of 
H. diminuta, greatest 14co2 incorporation into polysaccharide occurred 
aerobically, and when the hosts had been starved for 38 hrs. 
Glycogen synthesis from PEP by reversal of glycolysis would 
utilise NADH and thus mob ilise the cytosolic malate pool. Synthesis from 
mitochondrial PEP would require NADH from a cytosolic source, which could 
be supplied by oxidation of cytosolic malate followed by non-glyconeogenic 
me tabolism of OAA. The advantage gained by the inhibition of lactate pro·-
duction aerobically is thus evident; PEP does not leak from the glyconeo-
genic pathway, and NADH is not consumed in the reduction of pyruvate. 
No thing has been said of the i mp l ications of energy changes 
in this hypothesis. It is evident that oxidation of succinate or NADH 
aerobically would yield additional mitochondria l ATP. Under steady-state 
conditions, this additional ATP production woul d be expected to be balanced 
by additional consumption or by storage; this could expl ain why changes 
in ATP levels were not observed in M. expansa scoleces incubated aerobi cally. 
If an active nucleoside diphosphokinase \ ere present, t he ini ti al increase 
in ATP levels could tend to reverse the PEPCK reaction. If the increased 
ATP were transmit ted to the cytosol, it could cause both reversal of 
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cytosolic PEPCK and inhibition of pyruvate kinase. By acting through the 
adenylate kinase equilibrium, it could also inhibit PFK by decreasing the 
concentration of AMP. If FDPase in M. expansa has regulatory properties 
similar to those of the mammalian enzyme, inhibition of PFK would relieve 
the inhibition of FDPase by FDP and allow reversal of the pathway . Main-
tenance of high ATP and low AMP levels would seem to be required to maintain FDPase activity, unless FDPase is not in direct competition with an active 
PFK. 
This hypothesis is summarised in the diagram, Fig. 6.1, which 
is divided into two parts. It is assumed that succinate oxidation, glyco-
ne_ogenesis and pyruvate kinase inhibition occur in the same cell type in 
M. expansa. The production of malate and succinate from G6P may or may 
not occur in this cell type, and it is included in the diagram as a possibility. 
The salient points of this hypothesis to explain the changes 
observed in aerobic metabolism are thus: 
(i) that the increase in the malate pool may arise partly 
from oxidation of succinate 
(ii) that succinate production may occur simultaneously at a 
different site and that contribution to the total malate 
pool will also occur as a result of glycolysis 
(iii) that pyruvate kinase is partially inhibited by the in-
creased concentration of malate 
(iv) 
(v) 
that glyconeogenesis from succinate or malate may occur 
that other reactions may also serve to remove accumulated 
malate . 
A number of preliminary tests of some aspects of this hypothesis were per-
formed. 
6.2 Some Experiments 
I (i) Mitochondrial Oxidation of Succinate 
I 
~ The ability of isolated mitochondria from M. expansa to produce 
malate from succinate in the presence of oxygen was demonstrated as follows. 
A mitochondrial preparation from 20 g of s coleces was prepared 
as described in Ch. I I, 2. 2. The mitochondrial washes we re performed with 
medium B as described, but the medium was deoxygenated by bubbling with 
nitrogen for 1 hr before use. Approximately 30% of the mitochondria were 
washed separately in aerated medium B. The mitochondria were resuspended 
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Fig. 6.1 Commentary: events occurring under aerobic conditions 
Fig. (a) Under aerobic conditions, succinate and NADH are oxidised in the "aerobic" mitochondria which possess 
a functional electron transport system linked to oxy gen by cytochrome oxidase. Malate accumulates 
intramitochondrially and is translocated to the cytosol. Malate may also be translocated to the cyto-
sol after metabolism to PEP, because the intrami tochondrial NAD+ /NADI-l ratio is favourable and because 
possibly higher levels of ATP or GTP may reverse the MDH and PEPCK reactions re~pe ctivcly. 
Simultaneously, succinate is produced in the "anaerobic" mitochondria which do not cont ain cytochrome 
oxidas e and which may not be capable of reacting with oxygen. "Anaerobi c" mitochondria may or may not 
be present in the same cell or tissue . Fumarate for the production of succinate is supplied from the 
cytosolic malate. 
Fig. (b) Cytosolic malate is derived from two sources: (i) from oxidation of succinate in "aerobic" mitochondria· 
and (ii) from G6P via glycolysis. These two processes may or may not occur simultaneously in the same 
cell or tissue . It is suggested that some of the cytosolic malate is metabolised to glycogen ; thi s 
process would probably require initially higher levels of ATP in the cytosol to cause reversal of 
PEPCK, possibly inhibition of pyruvate kinase and inhibition of PFK plus deinhibition of FDPase (via 
lower AMP levels) . Accumulation of cytosolic malate would also cause inhib ition of the allosteric 
pyruvate kinase in those cells where it is present and thus facilitate glyconeogenesis. Lactate production 
therefore decreases . PEP from the "aerobic" mitochondria could also serve as a substrate for glyconeo -
genesis . Glycogen synthesis and glycolysis or succinate production probably do not occur simultaneously 
in the same cell . 
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Fig. 6.1 PROPOSED PATHWAYS OF METABOLISM IN M. expansa SCOLECES UNDER AEROBIC 
CONDITIONS : (a) Mitochondrial reactions 
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after the final wash in 15 mls deoxygenated incubation medium C or 7.5 mls 
aerated medium C (pH 7.2). The composition of medium C is given in 
Appendix II. The anaerobic mitochondria were taken up into 3 glass syringes 
(5 mls) each containing 250 µl deoxygenated 100 rnM Na-succinate and 2 glass 
beads. They were sealed and incubated at 37° with gentle rocking. 2 .5 mls 
of the aerobic mitochondrial suspension were pipetted into 3 vials (10 mls) 
each containing 125 µl of 100 mM Na-succinate and incubated without sealing 
as above. Controls without succinate and without mitochondria were included. 
The final succinate concentration was 9.1 mM. 
At 15 and 30 mins of incubation, 500 µl of suspension was re-
moved from each incubation vessel and added to 30 µl of 70% HC104 , shaken, 
centrifuged at 20,000 g for 5 mins, and the supernatant neutralised with 
5 N KOH and stored at -40° . At 30 mins of incubation, 2 mls from each 
anaerobic suspension were expelled from the syringes into open vials and 
incubation was continued both aerobically and anaerobically. Samples were 
taken at 45, 60 and 75 mins. The neutralised extracts were assayed for 
malate as described in Ch . III , 3.3. 
The results of this experiment are shown in Fig. 6.2. It is 
evident that malate production from succinate occurs readily aerobically 
and reaches a plateau after about 45 mins under the incubation conditions. 
No malate was formed in the absence of added succinate, nor in the absence 
of the mitochondrial preparation. Rapid and almost linear production is 
observed when an anaerobic incubation becomes aerobic. 
Thus, mitochondrial preparations from M. expansa can form 
malate from succinate under aerobic conditions. No further tests were 
·performed on this system, but it lends itself to further investigation. 
For example, tests for further metabolism of malate to PEP, amino acids, 
or TCA cycle intermediates could be performed using isotopic labelling and 
appropriate incubation conditions. The transport of malate from the mito-
chondria to the medium could also be studied using techniques for rapid 
separation. 
No measure of oxygen concentration is available for the experi-
ment summarised in Fig. 6.2. In order to correlate the observed effects 
, ith the situation in vivo, it is necessary to know the relationship between 
oxygen concentration and succinate oxidation, both in isolated mitochondria 
and in intact scoleces. This would indicate whether oxidation of succinate 
1s a possibility for intact scoleces at the oxygen concentrations present 
1n the small intestine. 
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Fig . 6.2 AEROBIC AND ANAEROBIC PRODUCTION OF MALATE FROM 
SUCCINATE BY MITOCHONDRIAL PREPARATIONS 
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(ii) Glyconeogenesis from Malate or Succinate 
Two experiments were performed with intact scoleces to deter-
mine whether 14C-labelled malate or succinate can be incorporated into 
polysaccharide under aerobic and anaerobic conditions. 
Incubation methods were similar to those described in Ch. III, 
3. 3. The scoleces were preincubated for 45 mins aerobically or anaerobic-
ally in KRP without added glucose. Subsequent incubation with 14c-labelled 
malate or succinate was performed without glucose added to the medium. 
Incubation time was 1 hr at 37° in the presence of 1 µCi/ml 14c-U-malic 
acid (sp.act.82 mCi/mmole) or 1 µCi/ml 14c-2,3-succinic acid (sp.act.22 
mCi/mmole) and medium was present at the rate of 1 ml/g of scoleces. No 
unlabelled malate or succinate was added to the medium, to avoid extreme 
dilution of the label and to avoid increasing the pool size in vivo. 5-10 g 
of scoleces were used in each group. The medium was sampled before and 
after incubation to determine disappearance of malate or succinate from 
the medium, and samples were taken throughout the process of glycogen ex-
traction. 14c was counted by addition of the sample to 15 mls Bray's 
scintillant as described in Ch. II, 2.2. At the end of incubation, the 
scoleces were rinsed three times in fresh KRP before homogenisation. 
Glycogen was extracted from the scoleces by the method of 
Roberts, Bueding and Orrell (1972), which was developed for H. dirrrinuta 
and which results in the recovery of a glycogen fraction with a molecular 
weight range thought to reflect the molecular weight spectrum of glycogen 
in vivo. The method employs cold buffer extraction at pH 10.S and concen-
tration of the glycogen in the supernatant by centrifugation at 100,000 g. 
The pellet, dissolved in buffer, is washed four times with 3:1 CHCl3:l-
octanol to denature contaminating proteins and the glycogen is recovered 
from the aqueous phase by precipitation with ethanol. The exact procedure 
employed was as described by Roberts et al. (1972), with two modifications: 
al 1 homogenisation was performed manually with an al 1-glass Dounce-type 
homogeniser, and the glycogen fraction was precipitated with ethanol three 
times instead of twice. The final glycogen pellet was weighed after drying 
and a known weight was redissolved in distilled water and applied to a 2 cm 
circle of Whatman No. 1 filter paper, dried, suspended in 15 mls scintillant, 
and counted for l4c. It was not possible to estimate quenching by this 
counting method, so the radioactivity counted on the filter paper may not 
be directly relative to those determinations made on samples in solution. 
The results of each experiment are presented in Tables 6 .1 and 
6.2. The cpm values have not been corrected or converted to µmoles because 
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Table 6.1 Incorporation of 14C-U-Malic Acid into Glycogena 
Aerobic Anaerobic 
Initial g scoleces 4.94 4.87 
Initial cpm in medium 8,289,000 8,153,000 
Final cpm in medium 4,691,000 4,320,000 
cpm lost from medium 3,598,000 3,320,000 
cpm in 1,000 g supernatant 2,070,000 3,105,000 
cpm in 100,000 g supernatant 1,850,000 2,971,000 
cpm in redissolved glycogen pellet 151,000 103,000 
cpm after 1st CHCl3:l-octanol wash 53,000 28,000 
II 
" 2nd II " 21,000 16,000 
" 
II 3rd 
" 
II 13,000 8,000 
II If 4th 
" " 11,000 6,000 
1st 50% ethanol supernatant 6,078 4,166 
2nd " " " 3,861 643 
3rd II II II 680 386 
cpm in glycogen pellet 2,072 1,112 
cpm in glycogen/g scoleces 419 228 
cpm/mg glycogen 74 29 
"equivalent" nmoles malate 
incorporated into glycogen 0.015 0.008 
a Values are total cpm, uncorrected for quenching. Specific activity of 
14c-U-malic acid was 82 mCi/mmole ; 5 µCi was added to the medium, giving 
a malate concentration of 61 nmoles in 5 mls. 
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Table 6.2 Incorporation of 14c-2,3-Succinic Acid into Glycogena 
Initial g scoleces 
Initial cpm in medium 
Final cpm in medium 
cpm lost from medium 
cpm in 1000 g supernatant 
cpm in 100,000 g supernatant 
cpm in redissolved glycogen pellet 
cpm after 1st CHCl3:l-octanol wash 
II 
" 
II 
" 
II 
" 
2nd 
3rd 
4th 
" 
" 
" 
1st SO% ethanol supernatant 
2nd " 
3rd " 
II 
" 
" 
" 
cpm in glycogen pellet 
cpm in glycogen/g scoleces 
cpm/mg glycogen 
t'equi valent" nmoles succinate 
incorporated into glycogen 
" 
" 
" 
Aerobic 
9.51 
15,403,000 
7,161,000 
8,242,000 
8,301,000 
8,216,000 
29,150 
27,460 
27,370 
26,910 
27,200 
23,845 
1,850 
150 
2,623 
276 
26 
0.077 
Anaerobic 
9. 70 
14,584,000 
7,582,000 
7,002,000 
7,129,000 
6,516,000 
13,250 
12,860 
12,490 
12,090 
13,160 
15,010 
600 
200 
470 
48 
11 
0.015 
a Values are total cpm, uncorrected for quenching. Specific activity of 
14C-2,3-succinic acid was 22 mCi/mrnole; 10 µCi was added to the medium, 
giving a succinate concentration of 455 nmoles in 10 mls. 
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specific activities in the case of malate are uncertain due to possible 
decarboxylation. As estimated malate or succinate "equivalent" was cal-
culated for the cpm incorporated in glycogen. This refers to the estimated 
nmoles of labelled malate or succinate present in the glycogen fraction 
(assuming one decarboxylation of the malate molecule), based on the initial 
specific activity. No estimate of dilution in the succinate or malate 
pools within the worms was made because it was not determined whether an 
equilibrium position had been attained. 
It is evident from the Tables that both malate and succinate 
are removed from the medium even at the low concentrations present. The 
greater apparent uptake of succinate from the medium may be due to its 
lower specific activity: a greater absolute concentration of succinate 
was added to the medium initially. The majority of the malate or succinate 
was present in the soluble fraction at all stages of the separation process 
and only a low level of incorporation into the glycogen fraction was ob-
served. In each case the incorporation was higher aerobically. Investig-
ation of the homogeneity of the glycogen fraction, e.g. by hydrolysis 
followed by separation and counting of 14c-glucose, is required to allow 
the conclusion that glyconeogenesis has occurred. In any case, it is 
clear that the rate of incorporation into the glycogen fraction is very 
low indeed. This may be partly due to dilution of the 14c-malate or -succinate 
in the large pools of these substances in the worm, or it may indicate a 
low level of glyconeogenesis under the experimental conditions. Lack of 
equilibration of the labelled intermediates with the pools in the worm 
could also be responsible. More conclusive evidence of glyconeogenesis 
may perhaps be gained by ensuring equilibration or by employing a more 
sensitive autoradiographic test to identify 14c in glyconeogenic inter-
mediates. 
(iii) Inhibition of Pyruvate Kinase by Mal ate in vivo 
If decreased lactate production aerobically is caused by in-
hibition of pyruvate kinase by the higher concentration of malate, then 
it may be possible to cause experimental decrease in lactate production 
anaerobically by the administration of high concentrations of malate. The 
effects of 5 mM malate upon aerobic and anaerobic 1 act ate production were 
therefore investigated in the presence of 10 rnM glucose. 
Incubations were performed as described in Ch. III, 3.3, with 
30 rn1ns aerobic or anaerobic preincubation without added malate, followed · 
by incubation for 30 mins under the experimental conditions. Four groups 
........ 
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of 4 g scoleces were employed, aerobic and anaerobic, both with and without 
added malate. An extract was prepared from each group of worms as des-
cribed in Ch. III and the samples were assayed for ma late, lactate and 
succinate. The incubation medium was also tested for these intermediates. 
The results of this experiment are shown in Table 6.3. The 
major effect of malate both aerobically and anaerobically is a decrease in 
the pool size of lactate in the worms by about 40-50 %. The total production 
of lactate is also decreased slightly, both aerobically and anaerobically, 
while succinate production is slightly increased. However, the results 
show no indisputable decrease in lactate production because the changes 
observed could be due to worm variation or possibly to an effect of malate 
on the rate of excretion of lactate. The experiment requires repetition 
to show whether these changes are consistently observed. However, the 
addition of malate caused no increase in lactate production, and the 
experiment supports the hypothesis to the extent that it does not negate 
it. Compartition effects may interfere with an experiment of this kind 
since added malate may not in fact have access to the allosteric pyruvate 
kinase during the short incubation time of 30 mins. It may or may not be 
significant that added malate had the same effect on the lactate pool in 
the worm both aerobically and anaerobically. 
One very interesting feature of this experiment seen in Table 
6.3, is the utilisation of malate by the scoleces: more than 30 µmoles 
disappeared from the medium in 30 mins , yet succinate production increased 
by only 1-2 µmoles and lactate production showed a slight decrease. A 
compartition effect may also be present in this instance: possibly malate 
was not in the appropriate location for metabolism to succinate, or perhaps 
there is another factor limiting the metabolism of mal ate to succinate. 
It appears that the metabolism of excess malate in this experiment occurred 
by another pathway. Autoradiographic analysis of the path of metabolism 
of 14c-U-malic acid in intact scoleces is currently in progress. 
6.3 Further Experiments 
The preliminary experiments described above support several 
aspects of the hypothesis, in that they have shown that succinate can be 
oxidised to malate aerob ically, that glyconeogenesis from malate or succinate 
is a possibility, and that malate decreases the lactate pool in intact 
scoleces. Further evidence for or against the hypothesis will be gained 
from experiments showing the distribution of 14c-labelled succinate after 
Table 6.3 The Effects of 5 mM Malate upon Succinate and Lactate Productiona 
Malate Succinate 
In Worm Removed from Medium In Worm In Medium Total 
(i) Aerobic 
- 5 mM malate 
+ 5 mM malate 
(ii) Anaerobic 
- 5 mM malate 
+ 5 mM malate 
0. 79 
0.94 
0.51 
1.22 
0 
30.64 
0 
36.01 
3.12 
3.60 
3. 71 
5. 71 
0.50 
0.78 
1.29 
1. 07 
a Values are µmoles/g wet weight of scoleces after 30 mins incubation at 37°. 
3.62 
4.38 
4.99 
6.77 
In Worm 
0.91 
0.49 
1.04 
0.54 
Lactate 
In Medium Total 
23 .18 
25.40 
29.15 
27.77 
24.09 
25. 89 
30.19 
28.30 
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aerobic metabolism by intact scoleces, from "crossover" experiments, and 
from repetition of the experiments performed above after more detailed 
investigation of appropriate incubation time, equilibration time and incub-
ation conditions . The most successful approach to this problem may com-
bine measurement of pool sizes with determinations of rate of flow through 
the intermediate pools using labelled precur sors . 
--
CHAPTER VI I: PERSPECTIVE 
It has been shown in this work that the presence of oxygen has 
an effect on both the concentration of metabolic interme diates in M. expansa 
scoleces and on the proportions of the end products of carbohydrate meta-
bolism. Perhaps the major question arising from this information, and 
from the hypothesis proposed to explain these effects, is whether aerobic 
metabolism is a substantial contributor to the metabolic economy of the 
worm in the small intestine. It is not reasonable to extrapolate directly 
from these experiments to the situation in the host, because of the 
artificial conditions of both the incubation medium and the gas phase. No 
account was taken, for example, of the likely contribution of amino acid 
metabolism to energy production, redox balance and succinate formation. 
This factor could in fact provide a partial explanation for the aerobic 
production of succinate. The concentration of oxygen present in air is 
never likely to occur in vivo~ and hence the terminal cytochromes were 
functioning in these experiments under conditions to which the regulatory 
system may not be completely adapted. The interaction between the two 
terminal oxidases and oxygen at very low oxygen tensions is an area for 
major future research if an understanding of possible aerobic metabolism 
in vivo is to be gained . Cheah (1972) observed that the turnover number 
for cytochrome aa3 is considerably higher than that for cytochrome oat 
high oxygen concentrations, but that the total concentration of cytochrome 
o in M. expansa is about five times greater than that of cytochrome aa3. 
Cytochrome o may be the major contributor at low oxygen tensions, but the 
presence of an active cytochrome aa3 suggests that it may serve a useful 
function, with amplified oxidative activity, if oxygen levels rise 
sufficiently to allow it to function at al 1. In this way, the organism is 
apparently adapted to an environment of fluctuating oxygen tensions. 
"Fluctuating" in this context may indicate variable distribution along the 
oxygen gradient from the mucosa to the lumen , and suggests a possible 
spatial separation of the two cytochrome systems along this gradient. 
Teleologically, this would appear to be an efficient method for utilising 
what oxygen is present, and one can envisage a cycle between anaerobic pro-
duction of succinate at sites where oxygen is not available or where oxy-
gen cannot be utilised, followed by oxidation of this succinate following 
transportation to a site where oxygen is available. Under the conditions 
of these experiments, therefore, the possible delicate balance of such a 
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system may have been interrupted, if the response of the cytochrome o 
increases linearly with increasing oxygen tension. On the other hand, 
saturation of the terminal oxidases may be achieved at very low oxygen 
tensions, and the metabolic responses seen in these experiments may be a 
realistic reflection of the situation in vivo. 
The presence of oxygen, as investigated in these experiments, 
caused no measured changes that could be said to be of selective advantage 
to the organism. For example, ATP levels did not rise as they do in 
normally aerobic tissues recovering from hypoxia. Consequently, it appears 
that the anaerobic condition imposes no short-term selective disadvantage 
on the organism. It is interesting to find two regulatory enzymes in 
M. expansa that appear to have regulatory properties similar to their 
mammalian counterparts, viz. PFK and pyruvate kinase, and that are appar-
ently similarly sensitive to ATP inhibition in vitro. This may be signi-
ficant in that it could indicate a different emphasis of ATP production in 
these worms: the organism is not as mobile as aerobic organisms and, 
possibly, does not undergo the same range of biosynthetic activities. 
Therefore, its demands of ATP production are not so great and the ATP that 
is produced is directed towards a smaller range of activities, so that it 
is not so readily dissipated. Hence, a lower rate of ATP production may 
nonetheless be associated with similar methods of enzyme regulation because 
the demands of the organism's metabolism on the ATP pool are not so great. 
The contribution of glyconeogenesis to the organism's metabolic 
economy requires assessment . Glycogen synthesis from succinate may require 
the presence of oxygen, and it is in this sense that aerobiosis may be of 
selective advantage to the worm. Glyconeogenesis from malate, on the other 
hand, may not require oxygen, and it appears, from the absence of pyruvate 
carboxylase and the low activity of malic enzyme, that lactate may not 
serve as a substrate for glyconeogenesis in M. expansa. The fact that 
lactate is excreted more readily than succinate may be significant in this 
context. If concentrations of glucose in the small intestine are low, 
then, given the large quantities of glycogen usually found 1n M. expansa, 
synthesis from other precursors must occur in vivo . These could include 
amino acids and possibly fatty acids, if the relevant metabolic pathways 
are present. Control of glyconeogenesis may lie at the level of substrate 
availability, the ~AD+/ ADH ratios, inhibition of PEPCK by CO2 and nucleo-
tide regulation at the PFK/FDPase cycle and the phosphorylase system. 
This ,,·ork is the first detailed study of metabolic regulation 
to be performed on helminths and it is therefore not possible to compare 
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the situation in M. expansa scoleces with that which is present in other 
species. It is likely, however, that different regulatory systems will 
be observed in some other species, because they employ different metabolic 
pathways in anaerobic energy metabolism. H. diminuta, for example, another 
cyclophyllidean cestode, has low pyruvate kinase activity (Bueding and 
Saz, 1968) and the major path of carbon in this species apparently proceeds 
via intramitochondrial malate. A dismutation occurs, in which half the 
intramitochondrial malate is metabolised to pyruvate via a NADP+-linked 
malic enzyme, and the rest is metabolised to succinate by the usual route. 
Some of the pyruvate is reduced to lactate, but the majority appears as 
acetate (Scheibel and Saz, 1966). An intramitochondrial transhydrogenase 
may serve to provide NADH for fumarate reduction from the NADPH produced 
at the malic enzyme step (Saz et al., 1972). It therefore appears likely 
that pyruvate kinase plays no regulatory role in this_ species. Low 
activities of pyruvate kinase are also found in A. lu.rribricoides and F. hepatica 
(Bueding and Saz, 1968; Lee and Vasey, 1970), where a different regulatory 
system from that proposed for M. expansa scoleces also presumably occurs. 
It remains to be seen for M. expansa whether metabolic path-
ways and regulatory mechanisms similar to those in the scolex will be 
observed in the posterior segments of the worm. 
"When the dust passes, thou wilt see 
whether thou ridest a horse or an ass" 
Oriental proverb quoted by Racker (1965, p.93). 
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Appendix I Suppliers of Biochemicals 
Boehringer Mannheim , Germany 
All enzymes except t hose listed below, 
ITP, trisodium salt 
GTP, trisodium salt 
ATP, disodium salt 
ADP, disodium salt 
NADPH , tetrasodium salt, Grade 
NADH , disodium salt, Grade II 
PEP, rnonosodiurn salt 
F6P, disodium salt 
OAA, free acid 
GSH 
CoA, Grade I 
Acetyl CoA, trilithium salt 
Calbiochem (Australia) 
Pronase, B grade 
EGTA 
All buffers, A grade 
NAD+, free acid, A grade 
Furnarate , Na salt, A grade 
L-glutamatic acid, A grade 
II 
as 
Commonwealth Serum Laboratories, Melbourne 
B.S.A., Cohn fraction V 
The Radiochemical Centre, Arnersharn 
NaH14co3 
14c-U-malic acid 
14c-2 3-succinic acid , 
Sigma Chemical Co, St Louis 
(NH4) 2S04 
Succinyl Co synthetase, lyophilis ed preparation 
Pyruvate , 1 a salt , Type II 
DP , Na salt 
IDP, Na salt 
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suspensions 
cAMP, crystalline acid 
AMP , Na salt 
Cytochrome c, Type III 
2,3-diPGA, pentacyclohexylammonium salt, Grade II 
FDP , tetrasodium salt 
GDP , disodium salt, Type I 
G6P, monosodium salt 
L-(+) lactic acid, crystalline, Grade L-1 
1alic acid, crystalline 
2PGA, Na salt 
3PGA, Na salt, Grade II 
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Appendix II Composition of Media 
(1) Krebs-Ringer Phosphate Solution (KRP) 
Solution Mixed in Proportion 
(2) 
( 3) 
0 .154 M NaCl 
0.154 M KCl 
0.11 M CaCl2 
0.154 M KH2PO4 
0.154 M MgSO4 
0.1 M Na2HPO4-HCl, pH 7.4 
Fin a 1 pH : 7 . 4 
Media Used in Preparation of Mitochondria 
(from Che ah, 1971) 
Medium A (pH 7 .4) 
KCl 100 mM 
Tris-HCl so mM 
ATP 1 mM 
MgCl2 5 mM 
EDTA 1 mM 
Pronase 2 mg/2.5 mls solution 
Medium B (pH 7 .4) 
KCl 100 ITu\1 
Tris-HCl 50 mM 
ATP 0.2 mM 
MgCl2 1 mM 
EDTA 0.2 mM 
BSA 0.5% 
Mitochondrial Incubation !edium 
(after Cheah, 1971) 
Medium C (pH 7.2) 
KCl 30.0 mM 
100 
4 
3 
1 
1 
21 
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I~ 
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II 
11, 
,. 
11 
I 
II 
Medium 
MgCl2 
Sucrose 
KH2PO4 
EGTA 
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C (pH 7. 2) (continued) 
6.0 rnM 
75.0 rnM 
20.0 rnM 
1.0 rnM 
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Appendix III The Determination of Succinate 
The determination of succinate by enzymatic methods is complicated 
by the fact that succinate dehydrogenase, the enzyme usually employed, is 
particle-bound and normally insoluble. Sensitive spectrophotometric deter-
mination is therefore not readily achieved . Three methods employing 
succinate dehydrogenase preparations were investigated for succinate deter-
mination in M. expansa extracts : 
(1) The manometric technique employing oxygen consumption by a 
succinoxidase preparation from sheep heart described in 
Umbreit, Burris and Stauffer (1964, pp.194-196). This 
method was successful in determining 0.5-5 µmoles of 
succinate 1n a volume of 3.5 mls, but it was insufficiently 
sensitive or consistent for the requirements of this work. 
A more sensitive spectrophotometric method was therefore 
sought. 
(2) Kmetec in 1966 published a spectrophotometri c method of estim-
ating micro quantities of succinate employing a soluble 
preparation of succinate dehydrogenase from A. Zwribricoid.es 
muscle. Reduction of ferricyanide is followed at 410 nm. 
The method was said to give linear results in the concentration 
range 0.025 - 0.35 µmo les succinate/ml. Several attempts 
were made to prepare an active succinate dehydrogenase by 
following the published method, but very little activity 
was reco vered . Complications arose in the purification 
procedure because large quantities of collagen present in 
Ascaris muscle caused the initial homogenate to set into a 
gel before (1 H4)2SO4 fractionation could be initiated. It 
was therefore necessary to dilute the original homogenate, 
which presumably interfered with subsequent purification 
steps. 
(3) A method employing a succinoxidase preparation from rat 
liver mitochondria was devised. By supplementing the incub-
ation medium with fumarate hydratase it ¼as hoped to convert 
a large amount of the succinate in samples to malate, which 
could then be determined enzymatically. Ii tochond:ria we re 
prepared by the method of Hines, Bryant and Smith (1963), 
lysed in distilled Kate r, washed once, resuspended in dis-
tilled water and stored at -40° until used. 
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The incubation mixture contained: succinoxidase preparation; 
fumarate hydratase, 10 µg; cytochrome c, 100 µg ; succinate 
standard or sample; sufficient 0.05 M tris-HCl buffer, pH 
7.4, to bring the final volume to 1.20 mls. Incubations 
were performed at 37° for 1 hr with shaking. Standard succin-
ate samples, M. expansa extracts and extracts to which a 
known amount of succinate had been added were tested. At the 
end of incubation, the mixtures were centrifuged at 20 for 
20 mins at 20,000 g, and a neutralised perchloric acid extract 
was prepared. The samples were assayed for malate as des-
cribed in Ch. III. 
It was found that consistent results could be obtained with 
standard succinate samples up to a concentration of 1 µmole in 
1.2 mls, with yields of 60-80% of theoretical, but inconsistent 
results were obtained for standard amounts of succinate added 
to M. expansa extracts. Inconsistent results were also ob-
tained for standard succinate samples when succinoxidase pre-
parations older than 1 week were employed. This method was 
therefore abandoned. 
The most successful method for succinate determination tested was 
that of Williamson and Corkey (1969) which employs succinylCoA synthetase 
linked with pyruvate kinase and LDH. GDP is released from the reaction: 
succinate + CoA + GTP ---> succinylCoA +GDP+ Pi 
and can be detennined with pyruvate kinase and LDH. The major disadvantage 
of this method has previously been that succinylCoA synthetase was not 
commercially available and that purification methods for this enzyme are com-
plex (see, for example, Cha, 1969). Sigma Chemical Co. has recently made 
available a partially purified, lyophilised preparation of this enzyme from 
pig heart mitochondria, and this preparation was employed in this work. 
The assay mixture contained: 0.05 M triethanolamine-HCl, contain-
ing 10 mi\! MgS04 and S 111\! EDTA, pH 7. 4, 1. S mls; NADH O. 1 m.: I; GTP, 0. 16 mM; 
PEP 1.8 m1; CoA 0.08 mt,,1; LDH, 25 µg; pyruvate kinase, SO µg ; succinylCoA 
synthetase, 0.5 unit; sample; distilled water to a final ·olume of 2 mls. 
The lyophilised preparation of succinylCoA synthetase was dis-
solved in 200 µl 0.1 M tris-HCl buffer/10 units and the solution was brought 
to 80% (NH4)2S04 saturation at o0 . In this form it was stable for at least 
1 month at 4°. Co was found to be the most labile component of this assay 
system, even when stored at -40°, and was usually purchased in small amounts 
I 
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I I I 
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from Boehringer or Sigma (Li salt). Fresh solutions of GTP, PEP, CoA and 
NADH were prepared daily. 
The reaction was followed in a Gilford 2400 recording spectrophoto-
meter at 25°, 340 nm, with a light path of 1 cm. Buffer, ~ADH, GTP, PEP, 
LDH and pyruvate kinase were pipetted into cuvettes and allowed to stand 
until all the GDP in the GTP preparation had reacted (about 10 mins). CoA 
was added, followed by the sample. A slow drift resulted from addition of 
CoA. SuccinylCoA synthetase was added and the reaction followed for 1.5 
hrs or until the drift was linear. A blank cuvette containing no succinate 
was always tested simultaneously with each set of tests and standards. 
The change in O.D. due to drift was subtracted from the total change in 
O.D. It was always necessary to assay a series of standard succinate con-
centrations to obtain a standard curve from which to read the unknown 
samples. Standard amounts of succinate added to M. expa:nsa extracts were 
determined quantitatively. Determination of standards varied from 70-90% 
of theoretical , due to variations in batches of succinylCoA synthetase 
and CoA . 
The drift observed was due to some non-specific dehydrogenase 
activity present in the succinylCoA synthetase preparation; its rate was 
proportional to enzyme concentration. It was therefore necessary to strike 
a compromise between "drift" and succinylCoA synthetase activity. With 
a low concentration of enzyme preparation, the rate of drift was not great 
and could be tolerated and corrected for, but the synthetase activity was 
also low and the reaction required 1.5 hrs for completion. A more purified 
_succinylCoA synthetase preparation would presumably not be so limited. 
A "typical" standard curve for succinate determined by this 
me thod is shown in the accompanying diagram. Consistent results were 
obtained with standard succinate solutions, wi tn duplicate '.f. expa:nsa 
samples and with standard amounts of succinate added to M. expa:nsa extracts. 
At a succinate concentration greater than 40 nmoles in 2 mls the rate of 
drift was such that the avail able NADH was exhausted before the succinyl -
Co synthetase reaction with succinate was complete. Hence, this assay 
system gives a linear response only in the concentration range of 0-20 nmoles/ml 
and sample volumes must be adjusted so that the succinate concentration falls 
within this range. 
A TYPICAL STANDARD CURVE FOR SUCCINATE 
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Appendix IV 
Levels of Metabolic Intermediates in the "Crossover" Experiments 
Values are nmoles/g wet weight 
I 
l)J 
' 
i ( 1) Aerobic Incubations I,, 
With 10 mM Glucose No Added Glucose 
I Glucose 8449 10750 9917 1404 2395 
i G6P 94 83 113 50 103 
I F6P 21 18 20 28 38 
I 
FOP 55 51 30 12 32 
DHAP 45 34 25 9 22 
G3P 11 9 7 3 8 
Ii 
1/ l i 3PGA 338 258 243 294 247 
11 
,,1 2PGA 37 25 39 30 48 
,,, PEP 130 104 65 97 81 I 
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PYR 93 88 81 107 64 
MAL 1079 850 1432 1419 640 
LACT ln worm 4882 4025 4875 3488 1480 
LACT total 8523 7440 5154 4934 4341 
succ in worm 12513 3764 7170 2018 
succ total 14630 4607 7341 3364 
Expt. No. 3 4 5 2 1 
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(2) Anaerobic Incubations 
With 10 mM Glucose 
Glucose 7274 7700 6895 7047 
G6P 64 79 58 60 
F6P 7 18 18 10 
FDP 33 42 60 33 
DHAP 17 40 34 30 
G3P 6 6 11 7 
3PGA 181 244 217 197 
2PGA 35 24 15 37 
PEP 60 89 67 147 
PYR 155 122 77 87 
MAL 509 695 720 673 
LACT in worm 3080 7850 5104 10053 
LACT total 5011 11004 9050 14051 
SUCC in worm 11211 4873 
SUCC total 13058 5569 
Expt. No. 6 3 4 5 
125 
o Added Glucose 
1769 2234 
46 89 
21 32 
6 60 
6 36 
3 5 
208 230 
23 51 
55 62 
106 82 
625 585 
4143 4419 
5875 6585 
9975 2473 
10501 2685 
3 1 
